Investigation of a Method to Determine the Effects of Variables on Reflectance and Emittance Data From Natural Surfaces Under Natural Conditions. by Hagewood, John Franklin
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1974
Investigation of a Method to Determine the Effects
of Variables on Reflectance and Emittance Data
From Natural Surfaces Under Natural Conditions.
John Franklin Hagewood
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Hagewood, John Franklin, "Investigation of a Method to Determine the Effects of Variables on Reflectance and Emittance Data From
Natural Surfaces Under Natural Conditions." (1974). LSU Historical Dissertations and Theses. 2729.
https://digitalcommons.lsu.edu/gradschool_disstheses/2729
INFORMATION TO USERS
This material was produced from a microfilm copy of the original document. While 
the most advanced technological means to  photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the original 
submitted.
The following explanation of techniques is provided to  help you understand 
markings or patterns which may appear on this reproduction.
1 .T he sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to  obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to  insure you complete continuity.
2. When an image on the film is obliterated with a large round black mark, it 
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find a 
good image of the page in the adjacent frame.
3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to  begin photoing a t the upper 
left hand corner of a large sheet and to  continue photoing from left to  
right in equal sections with a small overlap. If necessary, sectioning is 
continued again — beginning below the first row and continuing on until 
complete.
4. The majority of users indicate that the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if essential to  the understanding of the dissertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department, giving the catalog number, title, author and 
specific pages you wish reproduced.
5. PLEASE NOTE: Some pages may have indistinct print. Filmed as 
received.
Xerox University Microfilms
300 North Zeeb Road
Ann Arbor, Michigan 4810B
75-14,252
HAGEWQOD, John Franklin, 1942- 
INVESTIGATION OF A METHOD TO DETERMINE THE 
EFFECTS OF VARIABLES ON REFLECTANCE AND 
EMITTANCE DATA FROM NATURAL SURFACES UNDER 
NATURAL CONDITIONS.
The Louisiana State University and Agricultural 
and Mechanical College, Ph.D., 1974 
Engineering, mechanical
Xerox University Microfilms, Ann Arbor, Michigan 48106
THIS DISSERTATION HAS BEEN MICROFILMED EXACTLY AS RECEIVED.
PLEASE NOTE:
Pages 24-3-245 n o t  in c lu d e d  
i n  m a t e r i a l  r e c e iv e d  from 
th e  G raduate  S c h o o l . Filmed 
as  r e c e iv e d .
UNIVERSITY MICROFILMS
INVESTIGATION OF A METHOD TO DETERMINE THE 
EFFECTS OF VARIABLES ON REFLECTANCE AND 
EKLTTANCE DATA FROM NATURAL SURFACES 
UNDER NATURAL CONDITIONS
A D i s s e r t a t i o n
S ubm itted  to  the G raduate  F a c u l ty  o f  th e  
L o u i s ia n a  S t a t e  U n iv e r s i ty  and 
A g r i c u l t u r a l  and M echanical C o lle g e  
i n  p a r t i a l  f u l f i l l m e n t  o f  th e  
re q u ire m e n ts  f o r  th e  d eg ree  o f  
D octor o f  P h ilo so p h y
in
D epartm ent o f  M echan ica l,  A erospace , and 
I n d u s t r i a l  E n g in ee r in g
by
John F. Hagewood 
S . ,  T ennessee  T e c h n o lo g ic a l  U n iv e r s i t y ,  1965 
M. S . ,  L o u is ia n a  S t a t e  U n iv e r s i t y ,  1972 
December, 1974
ACKNOWLEDGMENT
The a u th o r  would l i k e  to  e x p re s s  h i s  a p p r e c i a t i o n  and g r a t i t u d e  
to  th e  f o l l o w i n g  i n d i v i d u a l s  who p ro v id e d  much needed h e lp  d u r in g  
h i s  d o c t o r a l  p rogram .
D r. D upree M ap les ,  who s e r v e d  a s  m ajor a d v i s o r  and com m ittee  
c h a irm an . H is  a d v ic e  and g u id a n c e  were i n v a lu a b le  d u r in g  my g r a d u a te  
p rogram .
Dr. H e r b e r t  P i l l a r  f o r  h i s  a d v ic e  i n  th e  a r e a  o f  o p t i c s .
D r. R o b e r t  C o u r te r  f o r  h i s  h e lp  and encouragem en t i n  d e s ig n in g  
and la u n c h in g  th e  b a l l o o n  sy s tem .
Mr. Ron F o s t e r  f o r  h i s  h e lp  i n  th e  i n i t i a l  s tu d y  o f  t h e  d e s ig n  
o f  th e  b a l l o o n  sy s tem .
My w i f e ,  G ra ce ,  f o r  h e r  h e lp  i n  o r g a n i z i n g  and ty p in g  th e  rough  
d r a f t  and i n  p r o v id in g  th e  encouragem ent needed t o  c o n t in u e  th e  
p rogram .
D iane  M a r a b e l la  f o r  t y p in g  and p r e p a r i n g  th e  f i n a l  m a n u s c r ip t .
The LSU D a iry  Farm p e r s o n n e l  f o r  th e  u s e  o f  t h e i r  land  on which 
th e  b a l l o o n  system  t e s t s  were  made.
I n  a d d i t i o n ,  I  would l i k e  t o  th a n k  th e  N a t io n a l  A e ro n a u t ic s  and 
Space A d m in i s t r a t i o n  f o r  t h e i r  f i n a n c i a l  s u p p o r t  d u r in g  t h i s  
i n v e s t i g a t i o n .
i l
TABLE OF CONTENTS
CHAPTER PAGE
I .  INTRODUCTION I
I I .  LITERATURE SURVEY 4
I I I .  TEST PROCEDURE 19
IV. SPECTRORADIOMETER DESIGN AND CHECKOUT 26
V. BALLOON SYSTEM DESIGN AND TESTS 54
V I. LABORATORY TESTS AND RESULTS 105
V I I .  FIELD TESTS AND RESULTS 151
V I I I .  SUMMARY AND CONCLUSIONS 181
BIBLIOGRAPHY 187
APPENDIX A - STATE OF THE ART SURVEY OF REMOTE SENSING TECHNIQUES
IN THE THERMAL-ORIGINATED ENERGY REGION 193
APPENDIX B - BALLOON LAUNCH PROCEDURE AND TEST LOG 251
APPENDIX C - DATA FROM BALLOON/MIRROR STABILITY TESTS 269
APPENDIX D -  STANDARD SURFACE REFLECTANCE AND DIFFUSENESS 292
APPENDIX E - PROCEDURE AND DATA FROM LABORATORY REFLECTANCE
TESTS 316
APPENDIX F - CALCULATION OF SOUR ELEVATION AND AZIMUTH 333
APPENDIX G - REFLECTANCE DATA FROM FIELD TESTS 349
i t i
LIST OF TABLES
TABLE PAGE
IV-1. Bandwith T a b u la t io n  f o r  Fused S i l i c a  Prism 46
IV-2. Bandwith T a b u la t io n  fo r  NaCl Prism  47
IV-3. F ie ld  o f  View o f  S p e c tro ra d io m e te r  53
V - l .  Force  Table  f o r  1000 Cubic Foot B alloon  70
V-2. Force  Table  f o r  1200 f t ^  B alloon  System 99
B - l .  Force  Table  f o r  B al lo o n  System o f  T e s t  #3 263
E - l .  Source Z e n i th  Angle In f lu e n c e  on S a in t  A ugustine  Grass
R e f le c ta n c e  in  V is ib le  Region 320
E-2. S p e c tro ra d io m e te r  Readings from S a in t  A ugustine  G rass
taken  w ith  Lead S u l f id e  D e te c to r  321
E -3 . S p e c tro ra d io m e te r  Readings from S a in t  A ugustine  G rass taken
w ith  P h o to m u l t ip l ie r  Tube 323
E-4. S p e c tro ra d io m e te r  Readings from M i s s i s s ip p i  D e l ta  A l l u v i a l
S o i l  tak en  w ith  Lead S u l f id e  D e te c to r  325
E-3. S p e c tro ra d io m e te r  Readings from M is s i s s ip p i  D e lta  A l lu v i a l
S o i l  tak en  w ith  P h o to m u l t ip l ie r  Tube 328
E-6. S p e c tro ra d io m e te r  Readings from Bermuda Grass tak en  w ith
P h o to m u l t ip l i e r  Tube 330
E-7. S p e c tro ra d io m e te r  Readings from Bermuda Grass ta k en  w ith
Lead S u l f id e  D e te c to r  331
iv
PAGE
6
20
22
26
28
29
32
33
35
39
40
42
43
48
50
52
58
58
59
61
66
68
69
LIST OF ILLUSTRATIONS
Schem atic  o f  P ho tom eter  
Schem atic  o f  S en s in g  T echn ique  
R a d i a t io n  Geometry 
R ad iom eter  B lock  D iagram
Schem atic  o f  C o l l e c t i n g  and F o c u s in g  O p t ic s
P h o to g rap h  o f  S econdary  M ir ro r  Mount
P r o j e c t i o n  o f  Image on Monochromator E n tran c e
Schem atic  O p t i c a l  P a th  o f  th e  Model 99 Double P ass  
M onochromator
E l e c t r i c a l  B lock  S chem atic
P h o to g rap h  o f  Mounted E l e c t r o n i c s  Equipment
P h o to g rap h  o f  O p t i c a l  M ounting P la t f o r m
P h o to g rap h  o f  M ir r o r  H o ld e rs  and C overs
C a l i b r a t i o n  Curve f o r  NaCl and Fused S i l i c a  P rism a
B andw idths o f  Energy V e rsu s  Drum S e t t i n g  f o r  P e r k i n s - 
E lmer Mode11 99 Monochromator
P h o to g rap h  o f  Assembled S p e c t r o r a d io m e te r
Shape o f  R ad io m ete r  F i e l d  o f  View
NACA 0024 A i r f o i l
B a l lo o n  F o rc e s
A ngle o f  A t t a c k  V e rsu s  S lo p e  o f  B a l lo o n  Cable 
B a l lo o n  C a b l in g  System
S t a t i c  L i f t i n g  Power V e rsu s  B a l lo o n  Volume a t  
T “  100° F and T °  60° F
B a l lo o n  Dynamic L i f t  V e rsu s  Wind V e lo c i t y
B a l lo o n  Drag V ersus  Wind V e lo c i t y
v
LIST OF ILLUSTRATIONS - Continued
FIGURE PAGE
V-8. Side F o rce /T v Required f o r  B uck ling  any Cable
Versus th e  Angle o f  S ide Force i n  th e  X-Y P lane  71
V-9. Photograph o f  B alloon  Cable Winch 75
V-10. T e th e r in g  Arrangement 79
V - l l .  Photograph o f  Gas G en era to r  82
V-12. Photograph o f  L aser 83
V-13. Photograph o f  B a l lo o n /M ir ro r  in  F l i g h t  84
V-14. Side F o r c e /V e r t i c a l  T ension  R equired  fo r  B uckling
any B alloon  Cable f o r  System. Used i n  F ou r th  T e s t  87
V-15. Payload Weight Versus M irro r  Cable Tension 88
V-16. Wind Speed Required to  Buckle One B alloon  Cable 89
V-17. L a t e r a l  Movement Versus M irro r  C able  T ension , P "  60° 91
V-18. P a r a l l e l  A ngular Movement Versus M irro r  Cable T ension .
0 = 60° 92
V-19. P e rp e n d ic u la r  A ngular Movement V ersus  M irro r  Cable
T ension , 0 * 60° 93
V-20. L a t e r a l  Movement V ersus M irro r  Cable T ension ,
P -  70° 94
V-21. P a r a l l e l  A ngular Movement Versus M irro r  Cable T e n s io n ,
P = 70° 95
V-22. P e rp e n d ic u la r  Angular Movement V ersus  M irro r  Cable
T ension , 0 = 70° 96
V-23. Side F o rc e /T h ru s t  R equired f o r  B u ck l in g  any B a llo o n
Cable fo r  Recommended T e th e r in g  Arrangement 97
V-24. Side F o r c e /V e r t i c a l  T ension  R equired f o r  B uckling
Balloon  C able  fo r  1200 f t ^  B alloon  System 100
V I-1 . Measuring System f o r  B i d i r e c t i o n a l  R e f le c ta n c e  107
V I-2 . Equipment Arrangement Used in  L ab o ra to ry  T e s ts  111
V I-3 .  Photograph o f  Moveable P la tfo rm  112
v t
LIST OF ILLUSTRATIONS -  Continued
FIGURE
V I-4 .
V I- 5 .
V I-6 .
V I-7 .
V I-8 .
V I-9 .
V I-1 0 .
V I-11 .
V I-1 2 .
V I-1 3 .
V I-1 4 .
V I-1 5 .
V I-16 .
V I-1 7 .
V I-1 8 .
V I-1 9 .
B i d i r e c t i o n a l  R e f l e c t a n c e  o f  S a in t  A u g u s t in e  G ra ss  
i n  th e  V i s i b l e  Region
B i d i r e c t i o n a l  R e f l e c ta n c e  o f  S a in t  A u g u s t in e  G ra ss  
in  th e  I n f r a r e d  R egion
V a r i a t i o n  in  R e f le c ta n c e  from  S a in t  A u g u s t in e  G ra ss  
a t  A ** 0 .3 5  and  0 .4 0  M icrons
V a r i a t i o n  in  R e f le c ta n c e  from  S a in t  A u g u s t in e  G rass  
i n  th e  V i s i b l e  R egion
V a r i a t i o n  i n  R e f l e c t a n c e  from  S a in t  A u g u s t in e  G ra ss  
a t  1  * 0 .7 5 ,  0 .8 5  and 1 .0 0  M icrons
V a r i a t i o n  in  R e f le c ta n c e  from  S a in t  A u g u s t in e  G ra ss  
From A “  1 .25  t o  2 .0 0  M icrons
R e l a t i v e  B i d i r e c t i o n a l  R e f l e c t a n c e  o f  B la c k  A llu v iu m  
S o i l  in  V i s i b l e  Region
R e l a t i v e  B i d i r e c t i o n a l  R e f l e c t a n c e  o f  B lack  A llu v iu m  
S o i l  in  I n f r a r e d  Region
V a r i a t i o n  in  R e f le c ta n c e  o f  B la ck  A llu v iu m  S o i l  in  
th e  U l t r a v i o l e t  Region
V a r i a t i o n  in  R e f le c ta n c e  o f  B lack  A llu v iu m  S o i l  from  
A “  0 .4 5  t o  0 .5 5  M icrons
V a r i a t i o n  i n  R e f le c ta n c e  o f  B la ck  A llu v iu m  S o i l  from  
A ■ 0 .6 0  and 0 .6 5  M icrons
V a r i a t i o n  in  R e f l e c t a n c e  from  B la c k  A llu v iu m  S o i l  
i n  th e  I n f r a r e d  R eg io n .
V a r i a t i o n  i n  R e f l e c t a n c e  from  B lack  Allumium S o i l  
in  th e  I n f r a r e d  R egion  from A ■ 1 .2 5  t o  2 .2 5  M icrons
R e l a t i v e  B i d i r e c t i o n a l  R e f l e c ta n c e  o f  Bermuda G ra ss  
i n  th e  V i s i b l e  R egion
R e l a t i v e  B i d i r e c t i o n a l  R e f l e c t a n c e  o f  Bermuda G ra ss  
in  th e  I n f r a r e d  Region
V a r i a t i o n  in  R e f le c ta n c e  from  Bermuda G rass  in  th e  
V i s i b l e  R egion
PAGE
121
122
125
126 
128 
128
132
133
135
136
137
138
139
142
143
144
v i i
LIST OF ILLUSTRATIONS - Continued
FIGURE
V I-20 .
V I-21 .
V I-22 .
V I I - 1 .
V I I - 2 .
V I I - 3 . 
V II -4 .
V I I -5 .
V I I - 6 .
V I I -7 .
V I I -8 .
V I I - 9 .
VII-IO .
V II-1 1 .
V a r ia t io n  in  R e f le c ta n c e  from Bermuda Grass a t  
X “  0 .7 0  and 0.75 Microns
V a r ia t io n  in  R e f le c ta n c e  from Bermuda G rass  a t  
X = 0 .8 5 ,  1 ,00  and 1.25 Microns
V a r ia t io n  in  R e f le c ta n c e  o f  Bermuda G rass from 
X * 1 .50  to  2 .25  Microns
Photograph o f F ie ld  T e s t  Using P la tfo rm  Mounted 
M irro r
Shadow o f  End P o in t  o f  One Foot High Bar on August 
15, 1974
Photograph o f  Equipment Used in  F i e l d  T e s ts
R e f le c ta n c e  o f  Bermuda Grass in  V is ib le  Region Made 
With P la tfo rm  Mounted M irro r
R e f le c ta n c e  o f  Bermuda G rass in  I n f r a r e d  Region 
Made With P la tfo rm  Mounted M irro r
R e la t iv e  B i d i r e c t i o n a l  R e f lec ta n ce  in  the  V is ib le  
Region o f  Bermuda G rass P lo t  Made w ith  B alloon  
M irro r  System
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  i n  th e  I n f r a r e d  
Region o f  Bermuda G rass  P lo t  Made w i th  B alloon  
M irro r  System
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  o f  Bermuda G rass 
P lo t  X ■ 0 .35  Microns Taken w i th  B a lloon  M irro r  
System
R e la t iv e  B i d i r e c t i o n a l  R e f lec ta n ce  o f  Bermuda G rass  
P lo t  a t  X ■ 0 .4 0  M icrons Taken w ith  B alloon  M irro r  
System
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  o f  Bermuda G rass 
P lo t  a t  X ■ 0.45 M icrons Taken w i th  B alloon  M irro r  
System
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  o f  Bermuda G rass 
P lo t  a t  X ■ 0 .5 0  M icrons Taken w i th  B alloon  M irro r  
System
PAGE
145
146
147
153
156
158
162
163
168
169
172
173
174
175
v i i i
PAGE
176
177
178
196
198
201
203
204
207
208
211
215
218
222
223
234
234
238
242
242
LIST OF ILLUSTRATIONS - Continued
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  o f  Bermuda G rass 
P lo t  a t  \  ■ 0 .55  Microns Taken w ith  B alloon  M irro r  
System
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  o f  Bermuda G rass 
P lo t  a t  \  * 0 .6 0  Microns Taken w ith  B alloon  M irro r  
System
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  o f  Bermuda G rass 
P lo t  a t  X « 0 .65  Microns Taken w ith  B alloon  M irro r  
System
Em nissive Power o f  a B lack Body as  a F u n c t io n  of 
Tem perature and Wavelength
S o la r  S p e c t r a l  I r r a d ia n c e
E f f e c t  o f  E m ittance  on Em itted Energy
Schematic o f  Energy Sensed in  Remote Sensing
R e f le c ta n c e  Terminology
T r a n s m is s iv i ty  o f  the  Atmosphere
What i t  i s  we m easure .
Range o f  O p e ra t io n  o f  Conxnon Remote Sensing 
In s tru m e n ts
S e n s i t i v i t y  o f  V arious Black and White F ilm  Qnulsions
T y p ica l  R e f le c ta n c e  Curves
T y p ica l  Normal Color F ilm
S e n s i t i v i t y  o f  T y p ica l  I n f r a r e d  C o lo r F ilm
Method o f  Scanning
Schematic o f  Thermal Sensing  System
Schematic of M u l t i s p e c t r a l  Scanner
D e te c to r  S e n s i t i v i t i e s
Thermocouple C i r c u i t
ix
LIST OF ILLUSTRATIONS - Continued
FIGURE PAGE
A-18. Response o f  1P21 RCA P h o to m u l t ip l i e r  D e te c to r 248
B - l .  P r e v a i l i n g  Wind D i r e c t io n  and Mean Speed 257
B-2. Photograph o f  B a l lo o n  Being Launched
B -3 . Side F orce /T v R equired f o r  B uckling  Any Cable fo r
the System Used in  the  T h ird  T es t
259
264
D - l .  T o ta l  H em ispherica l  R e f le c ta n c e  o f  101-A10 White 295
D-2. D i r e c t i o n a l  R e f le c ta n c e  o f 101-A10 White P a i n t ,
L ig h t  Source a t  -70°  In c id en ce  296
D-3. D i r e c t i o n a l  R e f le c ta n c e  o f  101-A10 White P a in t ,
L ig h t  Source a t  0° In c idence  297
D-4. Schematic o f  Technique Used to  T e s t  S tandard  Su rface  298
D-5. Energy R e f le c te d  from Standard S urface  a t  X ■ 0.35
Microns 299
D-6A. Energy R e f le c te d  from S tandard  S urface  a t  \  “  0 .4 0
M icrons 300
D-7. Energy R e f lec te d  from Standard S u rface  a t  X m 0 .45
M icrons 302
D-8. Energy R e f lec te d  from S tandard  S urface  a t  X ■ 0 .5 0
Microns 303
D-9. Energy R e f le c te d  from S tandard  Su rface  a t  X ■ 0.55
Microns 304
D-10. Energy R e f le c te d  from S tandard  S urface  a t  X ■ 0 .6 0
Microns 305
D - l l .  Energy R e f lec te d  from S tandard  S urface  a t  X ■ 0 .65
M icrons 306
D-12. Energy R e f le c te d  from S tandard  S urface  a t  X » 0.75
Microns 307
D-13. Energy R e f le c te d  from Standard  Surface  a t  X ■ 0 .85
Microns 308
D-14. Energy R e f le c te d  from S tandard  S urface  a t  X ■ 1 .00
Microns 309
x
LIST OF ILLUSTRATIONS - Continued
FIGURE
D-15.
D-16.
D-17.
D-18.
D-19.
D-20.
F - l .
F -2 .
G - l ,
G-2,
G-3.
G-4.
G-5.
G-6.
Energy R e f le c te d  from Standard S u rface  a t  X * 1.25 
M icrons
Energy R e f le c te d  from Standard  S urface  a t  X “  1 .50  
Microns
Energy R e f le c te d  from Standard S urface  a t  1 * 1.75 
Microns
Energy R e f lec te d  from Standard S u rface  a t  X ■ 2 .00  
Microns
Energy R e f le c te d  from Standard  S u rface  a t  X ■ 2 .25  
Microns
Energy R e f le c te d  from Standard  S u rface  a t  X * 2 .50  
Microns
S o la r  E le v a t io n  V ersus Time o f  Day f o r  August 6 , 
1974
S o la r  Azimuth V ersus  Time o f  Day f o r  August 6 , 1974
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  o f  Bermuda G rass  
a t  X “  .35 M icrons Taken in  F ie ld  w ith  P la tfo rm  
Mounted M irro r
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  of Bermuda G rass 
a t  X = .40  M icrons Taken in  F i e ld  w ith  P la tfo rm  
Mounted M irro r
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  o f  Bermuda Grass 
a t  X = .45 M icrons Taken in  F ie ld  w i th  P la tfo rm  
Mounted M irro r
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  o f  Bermuda G rass 
a t  X » .5 0  Microns Taken in  F i e ld  w ith  P la tfo rm  
Mounted M irro r
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  o f Bermuda G rass 
a t  X ■ ,55 Microns Taken in  F ie ld  w ith  P la tfo rm  
Mounted M irro r
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  o f  Bermuda G rass 
a t  X = .60  M icrons Taken in  F ie ld  w ith  P la tfo rm  
Mounted M irro r
x i
PAGE
310
311
312
313
314
315
346
347
350
351
352
353
354
355
PAGE
356
357
358
359
360
361
362
363
364
365
LIST OF ILLUSTRATIONS -  Continued
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  o f  Bermuda G rass  
a t  X = .65 Microns Taken In F ie ld  w ith  P la tfo rm  
Mounted M irro r
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  o f  Bermuda G rass 
P lo t  a t  X °  0 .70  M icrons Taken in  F ie ld
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  o f  Bermuda G rass 
P lo t  a t  X ■ 0.75 M icrons Taken In  F ie ld
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  of Bermuda G rass  
P lo t  a t  X “  0 .85  M icrons Taken In F ie ld
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  o f  Bermuda G rass 
P lo t  a t  X » 1 .00  M icrons Taken In  F i e ld
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  o f  Bermuda G rass 
P lo t  a t  X » 1.25 Microns Taken in  F ie ld
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  o f  Bermuda G rass 
P lo t  a t  X ■ 1.50 M icrons Taken in  F ie ld
R e la t iv e  B i d i r e c t i o n a l  R e f lec ta n ce  o f  Bermuda G rass  
P lo t  a t  X ■ 1.75 M icrons Taken in  F ie ld
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  o f  Bermuda G rass 
P lo t  a t  X ■ 2 .0 0  M icrons Taken in  F ie ld
R e la t iv e  B i d i r e c t i o n a l  R e f le c ta n c e  o f  Bermuda G rass  
P lo t  a t  X ■ 2 .25  M icrons Taken in  F ie ld
x i i
ABSTRACT
A tech n iq u e  was developed to  o b ta in  b i d i r e c t i o n a l  r e f l e c t a n c e  
d a ta  from n a t u r a l  s u r f a c e s  by u s in g  a f o ld in g  m ir ro r  to  t r a n s f e r  th e  
r e f l e c t e d  energy  from the t e s t  s u r fa c e  to  a s p e c t ro ra d io m e te r .  The 
f o ld in g  m ir ro r  was a f i r s t  s u r f a c e  r e f l e c t o r  made by  s t r e t c h i n g  Mylar 
vacuum coated  w ith  aluminum over a  l i g h t  w eigh t fram e. The o p t i c a l l y  
f o ld in g  m ir ro r  was p o s i t io n e d  over the  t e s t  s u r f a c e s  w i th  a  moveable 
p la t fo rm  fo r  bo th  la b o ra to ry  and f i e l d  t e s t s .  F ie ld  t e s t s  were a l s o  
conducted u s in g  a t e th e r e d  b a l lo o n  system  to  p o s i t io n  the  fo ld in g  
m i r r o r .  A sp e c tro ra d io m e te r  was designed and b u i l t  s p e c i f i c a l l y  fo r  
t h i s  i n v e s t i g a t i o n .  The sp e c tro ra d io m e te r  had an a n g u la r  f i e l d  o f 
view o f  tw e n ty - fo u r  m inutes in  one a x is  and te n  m inu tes  in  th e  o th e r  
a x i s .  The ra d io m e te r  was cap a b le  o f  d e t e c t i n g  e n e r g ie s  in  sm all  band- 
w id ths  th roughou t th e  e le c t ro m a g n e t ic  spec trum  from 0 .3  m icrons  to  3 .0  
m icrons . B i d i r e c t i o n a l  r e f l e c t a n c e  d a ta  and v a r i a t i o n s  in  th e  d a ta  
w ith  sou rce  a n g le s  were o b ta in e d  f o r  S a in t  A ugustine  g r a s s ,  Bermuda 
g ra s s  and a b la c k  a llu v iu m  s o i l  from the  M is s i s s ip p i  R iv e r  d e l t a .
x i i i
CHAPTER I
INTRODUCTION
Remote s e n s in g  o f  a g r i c u l t u r a l  and o th e r  e a r th  r e s o u rc e s  
in v o lv e s  th e  d e t e c t i o n  o f  e le c t ro m a g n e t ic  energy  t h a t  i s  
r e f l e c t e d  o r  e m it te d  from th e  complex assem blage o f  
b i o l o g i c a l ,  g e o lo g ic a l ,  and h y d ro lo g ic a l  f e a tu r e s  a t  th e  
e a r t h ' s  s u r f a c e .  The d a ta  o b ta in e d  can  be m ean in g fu lly  
i n t e r p r e t e d  and p rocessed  o n ly  i f  we have a  fundam ental 
u n d e rs ta n d in g  o f  the  e n e rg y -m a tte r  i n t e r a c t i o n s  a t  th e  
e a r t h ' s  s u r f a c e  t h a t  accoun t f o r  v a r i a t i o n s  in  th e  
q u a n t i t y  and q u a l i t y  o f  r a d i a t i o n  rec o rd ed  by th e  a i r -  
and sp ace -b o rn e  s e n s o r s .  T h is  knowledge a l s o  i s  
n e ce ssa ry  fo r  us to  d e r iv e  new a p p l i c a t io n s  o f  e x i s t i n g  
rem ote sen s in g  systems and to  d e s ig n  new systems capab le  
o f  s e n s in g  and re c o rd in g  p o t e n t i a l  and p r e d i c t a b l e  
d i f f e r e n c e s  in  d a t a ,  [ l ]
T here  a re  a  number o f  b a s ic  problems which face  th e  r e s e a r c h e r  
inv o lv ed  in  rem ote s e n s in g .  One o f  th e  most troub lesom e o f  th e s e  
problems i s  how to  autom ate  the  p ro c e ss  o f  d a ta  i n t e r p r e t a t i o n .  This  
i s  an e s p e c i a l l y  c h a l le n g in g  problem  when th e  remote s e n s in g  d a t a  
i s  to  be used  as a  t o o l  in  i d e n t i f y i n g  o b je c t s  such as p l a n t s  o r  s o i l  
types  from a n a t u r a l  s cen e .  F undam enta lly , t h i s  problem a r i s e s  
because  o f  th e  l a r g e  number o f  v a r i a b l e s  which a f f e c t  m u l t i s p e c t r a l  
d a t a  r e c e iv e d  by rem ote s e n s in g .  These v a r i a b l e s  may be d iv id e d  in to  
s e v e r a l  groups based  on t h e i r  o r i g i n .  They a re  e f f e c t s  o f  th e  
env ironm en t,  changes in  th e  s u r f a c e  c h a r a c t e r i s t i c s  o f  th e  o b j e c t s  
sen se d ,  and v a r i a t i o n s  in  th e  in s t ru m e n ta t io n  and methods used  to  do 
the  s e n s in g .  Any in fo rm a t io n  o r  te ch n iq u e  which would h e lp  to  e l im in a te
Numbers in  b ra c k e ts  d e s ig n a te  r e f e r e n c e s  l i s t e d  in  th e  
B ib l io g ra p h y .
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or b e t t e r  u n de rs tand  th e se  v a r i a b l e s  would be o f  g r e a t  v a lu e  to  many 
rem ote sen s in g  p r o j e c t s  by h e lp in g  to  speed up th e  d a ta  i n t e r p r e t a t i o n  
p ro c e ss  o r  by h e lp in g  improve th e  a ccu racy  o f  o b je c t  i d e n t i f i c a t i o n .
P r e s e n t ly ,  two te ch n iq u es  a r e  g e n e r a l ly  used to  overcome th e  
problems a r i s i n g  from th e  many v a r i a b l e s  a f f e c t i n g  th e  d a t a .  One 
te ch n iq u e  i s  to  f in d  a unique c h a r a c t e r i s t i c  in  th e  r e f l e c t a n c e  d a ta  
f o r  each p la n t  o r  o b je c t  type which i s  to  be i d e n t i f i e d  by remote 
s e n s in g .  The un iqueness  o f  t h i s  c h a r a c t e r i s t i c  must be such t h a t  i t  
i s  always p re s e n t  in  th e  d a ta  r e g a r d l e s s  o f  t h e  changes in  th e  en v iro n ­
m ent, th e  o b j e c t ,  o r  th e  s e n s in g  system . O bv ious ly , t h i s  i s  r a r e l y  
p o s s i b l e ;  however, a  un ique  c h a r a c t e r i s t i c  in  th e  r e f l e c t a n c e  d a ta  
which i s  always p r e s e n t  w ith  re a s o n a b le  v a r i a t i o n s  o f  many o f  the 
v a r i a b l e s  c an  o f t e n  be found fo r  c e r t a i n  o b j e c t s .
Another te ch n iq u e  which i s  a lm ost always used  in v o lv e s  th e  ta k in g  
o f  ground t r u t h  measurem ents. In  t h i s  case  s p o t  checks a r e  made, and 
p l a n t  and s o i l  types  a r e  i d e n t i f i e d  by i n v e s t i g a t o r s  on th e  ground 
w i th in  the  a r e a  covered  by each scan . Th is  d a t a  i s  th e n  c o r r e l a t e d  
w ith  th e  d a ta  r e c e iv e d  by th e  rem ote s e n s in g  d e t e c t o r s .
In  g e n e r a l ,  b o th  te ch n iq u es  mentioned a re  used s im u l ta n e o u s ly  in  
o rd e r  to  ge t good r e s u l t s  in  i n t e r p r e t i n g  m u l t i s p e c t r a l  rem ote  sen s in g  
d a t a .  However, t h i s  method i s  l im i te d  b o th  in  th e  accu racy  o f  the  
r e s u l t s  o b ta in e d  f o r  many a p p l i c a t i o n s ,  and i n  th e  amount o f  tim e and 
money r e q u i r e d  when making ground t r u t h  m easurements.
Another approach which cou ld  be used to  i n t e r p r e t  m u l t i s p e c t r a l  
rem ote  sen s in g  d a ta  i s  to  i d e n t i f y  the  many v a r i a b l e s  and th e  e f f e c t s  
they  have on the  d a t a .  By co m p u te r iz in g  t h i s  in fo rm a t io n  and hav ing  
a v a i l a b l e  s ta n d a rd  s p e c t r a l  cu rv es  fo r  normal v a lu e s  o f  th e  v a r i a b l e s
fo r  each  item  to  be i d e n t i f i e d ,  e i t h e r  ground t r u t h  measurements cou ld  
be e l im in a te d  o r  minimized a n d /o r  g r e a t e r  accu racy  i n  d a ta  i n t e r p r e ­
t a t i o n  cou ld  be made. The i d e n t i f i c a t i o n  p ro c e ss  cou ld  t h e o r e t i c a l l y  
be co m p le te ly  automated u s in g  t h i s  ty p e  o f  approach  p rov ided  enough 
in fo rm a t io n  were known and one had a  l a rg e  enough computer c a p a c i ty .  
R eg a rd le ss  o f  whether one autom ates the  p ro c e ss  o r  n o t ,  any in fo rm a t io n  
which can  be g en e ra te d  t h a t  w i l l  i d e n t i f y  th e  e f f e c t s  o f  v a r i a b l e s  on 
the  d a ta  o b ta in ed  by rem ote s e n s in g  tech n iq u es  w i l l  h e lp  in  th e  d a ta  
i d e n t i f i c a t i o n  p ro c e ss .
In  o rd e r  to  h e lp  c o l l e c t  t h i s  type  o f  in fo rm a t io n ,  t h i s  r e s e a r c h  
d e a l s  w ith  a  method f o r  ta k in g  r e f l e c t a n c e  and e m it ta n c e  d a ta  from 
n a t u r a l  o b je c t s  under n a t u r a l  c o n d i t io n s  in  a manner which w i l l  a l lo w  
the  e f f e c t s  o f  many o f  the  v a r i a b l e s  to  be d e te rm in e d .  There, were 
s e v e r a l  o b j e c t iv e s  o f  th e  r e s e a r c h  a s  d e s c r ib e d  below.
The f i r s t  o b je c t iv e  was to  fo rm u la te  a method o f  ta k in g  r e f l e c t a n c e  
d a ta  from n a t u r a l  s u r f a c e s  in  th e  n a t u r a l  environm ent in  a manner t h a t  
s im u la ted  d a ta  tak en  from a i r c r a f t  w hile  re a d in g  from a  c o n s ta n t  and 
c o n s i s t e n t  s u r f a c e .  The second o b je c t i v e  o f  the  s tu d y  was to  d e s ig n ,  
b u i l d ,  and t e s t  the  equipment needed. The t h i r d  o b je c t iv e  o f  th e  
s tudy  was th e  ta k in g  o f d a ta  and d e te rm in in g  the  e f f e c t s  o f  a t  l e a s t  
one v a r i a b l e  on the  d a t a .  In  p a r t i c u l a r ,  th e  d a ta  ta k e n  c o n c e n t ra te d  
on th e  e f f e c t s  o f  th e  s o l a r  o r  source  z e n i th  an g le  on r e f l e c t a n c e  d a ta  
in  the  w aveleng ths  range  o f  0 .3  to  3 .0  m icrons.
CHAPTER I I  
LITERATURE SURVEY
A l i t e r a t u r e  su rv ey  was tak en  o f  p a s t  i n v e s t i g a t i o n s  made to  
de te rm ine  r e f l e c t a n c e  and e m it ta n c e  p r o p e r t i e s  o f  n a t u r a l  s u r f a c e s .  The 
survey  r e v e a le d  th a t  most o f  the  work done p r i o r  to  1950 was g e n e ra te d  
i n  an a t te m p t  to  de te rm ine  the  a lbedo  c h a r a c t e r i s t i c s  o f  th e  e a r t h  in  
o rd e r  to  b e t t e r  u n d e rs tan d  th e  energy  exchange between th e  e a r t h  and 
th e  sun and in  p a r t i c u l a r  i t s  e f f e c t  on th e  f i e l d  o f  m eteoro logy .
Because o f  t h i s  as w e l l  as th e  n a tu re  o f  the  s e n so rs  u sed ,  th e s e  e a r ly  
s tu d ie s  g e n e r a l ly  c o n c e n t ra te d  on t o t a l  r e f l e c t a n c e  o f  broad  fo rm atio n s  
on the  e a r t h  such as  la n d ,  w a te r ,  snow, o r  c lo u d s .
With th e  r a p id  advances made i n  e l e c t r o n i c s  and se n so rs  a f t e r  
World War I I ,  i n v e s t i g a t i o n s  o f  th e  r e f l e c t a n c e  and e m it ta n c e  p r o p e r t i e s  
o f  n a t u r a l  s u r f a c e s  in c re a s e d  e x p o n e n t i a l ly .  These l a t e r  s t u d i e s  were 
made fo r  v a r io u s  re a so n s  and a p p l i c a t i o n s ;  however In  g e n e r a l ,  th ey  
tend to  be more d i s c r im in a to r y  i n  s e p a r a t in g  th e  p r o p e r t i e s  o f  th e  many 
d i f f e r e n t  ty p es  o f  n a t u r a l  s u r f a c e s .  Because o f  th e  m assive  number o f  
s tu d ie s  made in  th e  p a s t  few y e a r s ,  no a t te m p t  was made to  rev iew  a l l  
o f  th e  i n v e s t i g a t i o n s  made a f t e r  1950. However, s e l e c t e d  s t u d i e s  were 
review ed tho rough ly  in  two a r e a s .  One a re a  rev iew ed  was a t te m p ts  made 
to  u n d e rs tan d  the  e f f e c t s  o f  th e  many v a r i a b le s  inv o lv ed  in  making 
r e f l e c t a n c e  and e m it ta n c e  re a d in g s  o f  n a tu r a l  s u r f a c e s  from a i r c r a f t  
(remote s e n s in g ) .  A second a re a  rev iew ed was e x p e r im e n ta l  approaches  
used to  o b ta in  t h i s  ty p e  o f  in fo rm a t io n .  A survey  which d e t a i l s  th e
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te ch n iq u es  p r e s e n t l y  a v a i l a b l e  f o r  u se  i n  ta k in g  rem ote  s e n s in g  d a ta  
from a i r c r a f t  and s a t e l l i t e s  i s  g iven  i n  Appendix A.
H i s t o r i c a l  Survey 1900-1950
C oblen tz  [ 2 ,  3] n e a r  th e  tu rn  o f  t h e  c en tu ry  ap p ea rs  to  have made 
th e  f i r s t  p io n e e r in g  s t u d i e s  on the  r e f l e c t a n c e  o f  n a t u r a l  s u r f a c e s .
His s tu d ie s  were made o f  th e  r e f l e c t a n c e  and e m it ta n c e  o f  m in e ra l  and 
in o rg a n ic  s u r f a c e s  in  th e  i n f r a r e d  r e g io n  from 1 to  8 m icrons . H is 
s t u d i e s  were made under l a b o r a to r y  c o n d i t io n s  u s in g  a  pyranom eter 
which he he lped  develop  and which was used  by A ld r ic h  [4 ]  and 
Angstrom [3 ]  a s  w e l l  as o th e r s  in  l a t e r  s t u d i e s .  The pyranom eter i s  
b a s i c a l l y  a r a d i a t i o n  m easuring  d e v ic e .  I t  c o n s i s t s  o f  two s e t s  o f  
m e ta l  s t r i p s  on th e  back s id e  o f  which th e r m o e le c t r ic  ju n c t io n s  o f  
c o p p e r -c o n s ta n ta n  a re  f a s t e n e d .  One s e t  o f  s t r i p s  i s  p a in te d  b la c k ,  
and th e  o th e r  s e t  i s  p a in te d  w h i te .  The th e rm o ju n c t io n s  a r e  connected  
to  a g a lvanom ete r .  The d e f l e c t i o n  on th e  galvonom eter which i s  
re co rd ed  i s  assumed to  be p r o p o r t io n a l  to  th e  r a d i a t i o n  i n t e n s i t y  
r e c e iv e d  on th e  m eta l s t r i p s .  The s t r i p s  were u s u a l l y  covered  w ith  a  
g l a s s  case  f o r  p r o t e c t i o n  and to  e l im in a t e  r a d i a t i o n  i n  th e  f a r  i n f r a r e d .
A ld r ic h  [4 ]  i n  1919 w ith  th e  h e lp  o f  th e  U. S. Army A ir  Corps 
c a r r i e d  a pyranom eter a l o f t  in  a b a l lo o n  to  make r e f l e c t a n c e  m easure­
ments o f  c lo u d s .  The b a l lo o n  was manned, and th e  pyranom eter was f i r s t  
h e ld  to  p o in t  towards th e  sun  and th en  down towards th e  c lo u d s .  
I n t e r e s t i n g l y ,  w ire s  were ru n  from a galvonom eter on th e  ground to  the  
pyranom eter h e ld  by the  occupan t in  th e  b a l lo o n .
O 'N e il  [6 ]  in  1923 t r i e d  to  a s s e s s  th e  e f f e c t  o f  s o i l  m o is tu re  
c o n te n t  on the  c o lo r  or r e f l e c t a n c e  c h a r a c t e r i s t i c s  o f  s o i l s .  His 
method c o n s i s te d  o f  ta k in g  a s e r i e s  o f  b la c k  and w h ite  pho tographs o f
s o i l s  under d i f f e r e n t  m o is tu re  c o n d i t io n s  and comparing them v i s u a l l y  
w ith  s tan d a rd  tone  shades o f  g ray  from w h ite  t o  b la c k .
Angstrom [5 ]  in  1925 used  a pyranometer to  measure th e  r e f l e c t a n c e  
o f  b a re  ground, g r a s s e s ,  t r e e s ,  snow and w a te r .  I n  h i s  s tu d i e s  he 
a l s o  showed some o f  th e  e f f e c t s  o f  s o la r  an g le  and w ater m o is tu re  
c o n te n t  on the  r e f l e c t a n c e  r e a d in g s .  He used  a  f i l t e r  over th e  
pyranom eter to  o b ta in  some s p e c t r a l  e f f e c t s .  H is measurements were 
made i n  n a tu r a l  l i g h t  w ith  th e  pyranom eter mounted on a  t r i p o d  ap p ro x i­
m a te ly  one meter h ig h .  He a l s o  used photography  and tone  com parisons 
in  h i s  s tu d i e s .
R ichardson  [7 ]  in  England in  1929 used a  d e v ice  he c a l l e d  a  pho to ­
m eter w h ile  f l y i n g  in  an open a i r c r a f t  to  measure th e  a lb ed o  o f  c lo u d s ,  
woods, and p a s tu r e  la n d s .  The photom eter was a  v i s u a l  d e v ice  as  shown 
in  F ig u re  I I - 1 [ 7 ] ,  With t h i s  d e v ice  the  a lbedo  o r  r e f l e c t a n c e  was 
measured by the  r a t i o  o f  the  a r e a  o f  the  i r i s  openings r e q u i r e d  to  g e t  
the  same b r ig h tn e s s  a t  the  s c r e e n .  S p e c t r a l  e f f e c t s  were o b ta in e d  by 
u s in g  r e d ,  g re e n ,  o r  b lue  f i l t e r s  a t  the  s c r e e n .  R ichardson  a l s o  
su g g es te d  u s in g  such  a  d e v ice  from a  tower to  m onito r  s e a s o n a l  changes 
o f  th e  a lbedo .
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FIGURE II-1. SCHEMATIC OF PHOTOMETER
A c l a s s i c a l  i n v e s t i g a t i o n  o f  th e  r e f l e c t a n c e  o f  n a t u r a l  s u r f a c e s  
was made by K rinov [8 ]  in  R u ss ia  b e g in n in g  in  1932. His s tu d ie s  
a p p a r e n t ly  co n tin u ed  u n t i l  World War I I  b u t  were no t p u b l ish e d  u n t i l  
1947. The f i r s t  E n g l ish  p u b l i c a t i o n  was not made u n t i l  1953. K rinov  
took  some 10,316 spec trogram s d u r in g  h i s  s tu d y  and r e p o r te d  on th e  
s p e c t r a l  r e f l e c t a n c e  o f  370 n a t u r a l  o b j e c t s .  His i n v e s t i g a t i o n s  
covered  th e  w avelength  r e g io n  from 0 .4  to  0 .9  m icrons . He took h i s  
s p e c t r a l  d a ta  ev e ry  100 Angstroms. His d a ta  in c lu d ed  th e  e f f e c t s  o f  
b o th  s o la r  and v iew ing z e n i th  an g le s  on th e  r e f l e c t a n c e s .
K rin o v ’ s te ch n iq u e  o f o b ta in in g  d a ta  was based on ta k in g ,  what he 
c a l l e d ,  a sp ec tro g ram  o f  th e  n a t u r a l  o b j e c t  and then  ta k in g  a s p e c t r o ­
gram o f  a s ta n d a rd  s u r f a c e  o f  magnesium o x id e .  The two spec trogram s 
were then  compared to  g e t  th e  r e f l e c t a n c e .  His sp ec tro p h o to m ete r  was 
mounted on a t r i p o d  above o r to  th e  s id e  o f  th e  o b j e c t .  A spec trog ram  
as  made by K rinov was b a s i c a l l y  a  p h o to g rap h ic  s t r i p  ta k e n  on b la c k  
and w h ite  f i lm  o f  the  r a d i a t i o n  i n t e n s i t y  o f  th e  s u r fa c e  be in g  
in v e s t i g a t e d .  The s t r i p  was o b ta in e d  by making i n t e n s i t y  re a d in g s  a t  
d i f f e r e n t  w av e len g th s .
An in s tru m e n t  c a l l e d  a  p y rh e l io m e te r  was used i n  th e  l a t e  f o r t i e s  
and f i f t i e s  by E n g l i s h  and American i n v e s t i g a t o r s .  T h is  in s tru m e n t  was 
i n  e s se n ce  sim ply  a  re f in e m e n t  o f  th e  pyranom eter used e a r l i e r .
F r i t z  [ 9 ]  in  1947 used two o f  th e s e  d e v ic e s  t o  measure a lbedo  over th e  
U nited  S t a t e s .  One in s tru m en t was mounted in  a  B-29 p o in t in g  upward, 
th e  o th e r  p o in t in g  downward. A f l i g h t  a c r o s s  th e  co u n try  was then  
made a t  10,000 f e e t .  N eiburger [1 0 ]  in  1948 made th e  same type o f  
measurements u s in g  a b lim p. However, he a l s o  in v e s t ig a t e d  th e  e f f e c t
8o f  s o l a r  z e n i t h  a n g le  on th e  a lb e d o  o f  th e  s e a .  The p y r h e l io m e te r s  
u sed  i n  th e s e  i n v e s t i g a t i o n s  m easured  t o t a l  i n t e n s i t y  i n  th e  w av e len g th  
ra n g e  o f  0 .3  to  2 .5  m ic ro n s .
Survey o f  T ech n iq u es
The f o l lo w in g  i s  a  s u rv e y  o f  many o f  th e  e x p e r im e n ta l  te c h n iq u e s  
which have b een  u sed  i n  th e  p a s t  tw e n ty  y e a r s  to  c o l l e c t  d a t a  u n d e r  
n a t u r a l  c o n d i t i o n s .  They show th e  e f f e c t s  o f  th e  many n a t u r a l  v a r i a b l e s  
on th e  r a d i a t i o n  i n t e n s i t y  r e c e i v e d  from a  n a t u r a l  o b j e c t  when v iew ed 
w i th  a rem ote  s e n s in g  d e v ic e .  C o lw e l l  [ 1 1 ]  i n  a  s tu d y  s u g g e s te d  t h a t  
th e  f o l l o w in g  ty p e s  o f  p la t f o r m s  c o u ld  be  u sed  f o r  s e n s o r s  i n  such 
in v e s  t i g a t i o n s :
1. T r ip o d s  and p l a t f o r m s  u sed  f o r  t a k i n g  p h o to g ra p h s ;
2 .  E a r th  s u r f a c e s  such  a s  b u t t e s ,  c l i f f s ,  and b l u f f s ;
3 .  T ow ers , l a d d e r s ,  boom s u s p e n s i o n s ,  c r a n e s ,  e t c . ;
4 .  D i r i g i b l e s ,  b a l l o o n s ,  h e l i c o p t e r s ;
5 .  F ix ed  wing a i r c r a f t .
A l l  o f  t h e s e  have b een  u sed  a s  p l a t f o r m s  f o r  rem ote  s e n s in g  o f  n a t u r a l  
o b j e c t s  i n  r e c e n t  y e a r s ,
A shburn and Weldon [ 1 2 ]  i n  1955 made r e f l e c t a n c e  m easurem ents  o f  
d e s s e r t  t e r r a i n  i n  th e  0 . 4  to  0 .6 5  m ic ro n  r e g i o n  u s in g  what th e y  c a l l e d  
an a lb e d o m e te r .  The a lb ed o m e te r  was mounted on a  p l a t f o r m  two m e te r s  
above th e  t e r r a i n  f o r  m ost m easu rem en ts .  However, some t e s t s  were 
made w i th  th e  a lb e d o m e te r  s u p p o r te d  by  a  h e l i c o p t e r  300 m e te rs  above 
th e  t e r r a i n .  Some e f f e c t s  o f  th e  s o l a r  z e n i t h  a n g le  on th e  d a t a  were 
n o te d .  The a lb e d o m e te r  c o n s i s t e d  o f  a  p h o t o m u l t i p l i e r  tu b e  mounted 
i n  th e  s i d e  o f  a i n t e g r a t i n g  s p h e r e  w i th  an e n t r a n c e  a p e r a t u r e .  The
9e x a c t  f i e l d  o f  view o f  th e  d ev ice  was no t g iv e n ,  b u t  from the  
d e s c r i p t i o n  o f  the  equipment i t  was p ro b ab ly  30° o r  g r e a t e r .
Graham and King [13 ]  used a Eppley p y rh e l io m e te r  and a Kipp 
s o la r im e te r  to  take  r e f l e c t a n c e  re a d in g s  from a  f i e l d  o f  maize over a 
p e r io d  o f 17 d ay s .  The p y rh e l io m e te r  was mounted on a b u i ld in g  900 
m eters  from the  corn  f i e l d  and was used to  measure the  In c id e n t  
r a d i a t i o n .  The s o la r im e te r  was mounted two m ete rs  above th e  co rn  
p l a n t s  and used to  measure th e  r e f l e c t e d  r a d i a t i o n .  N a tu ra l  v a r i a b l e s  
no ted  i n  th e  s tudy  in c lu d ed  p la n t  m a tu r i ty ,  s o l a r  z e n i t h  a n g le ,  and 
s o i l  m o is tu re  c o n te n t .
B o ileau  and Gordon [ 1 4 ] ,  and Gordon and Church C15] in  1960 
p re s e n te d  d a ta  on the  d i r e c t i o n a l  r e f l e c t a n c e  o f  snow and w ater  fo r  
v a r io u s  v iew ing  and s o l a r  z e n i th  a n g le s .  T h e ir  d a ta  was made w ith  a 
te le p h o to m e te r  c a r r i e d  on board an a i r c r a f t  w h ile  f l y i n g  over l a r g e  
a re a s  o f  th e  e a r t h  covered  w ith  snow o r w a te r .
W inkler [16 ]  made a  s tu d y  to  de te rm ine  the  v a r i a b l e s  a f f e c t i n g  
s o i l  c o lo r  by ta k in g  photographs o f  t e s t  samples i n  n a tu r a l  l i g h t  from 
a h e ig h t  o f  th r e e  f e e t .  His f i lm  re sp o n se  was from 0 .4  to  0 .9  m icrons . 
He concluded  t h a t  s o i l  c o lo r  i s  de term ined  by o r i g i n a l  s o i l  c o lo r  o f  
th e  g l a c i a l  d r i f t ,  m o is tu re  c o n te n t ,  and the  amount o f  o rg an ic  m a t te r  
in  the  s o i l .  L ig h t  s o i l  te n d s  to  be w e l l  d ra in e d  w i th  co a rse  g r a i n s ;  
w hereas d a rk  s o i l s  tend to  be  f i n e l y  g ra in ed  w ith  a  h ig h e r  w ater c o n te n t .
C arneggie  [1 7 ]  used a Barnes E ng ineering  Thermal In f r a r e d  camera 
to  make s tu d ie s  o f  the e m is s iv i ty  o f  o b je c t s  in  th e  8-14 micron r e g io n .  
This  d ev ice  has a  p h o to g rap h ic  type o f  o u tp u t ;  however, th e  image i s  
produced by the use o f  e l e c t r o n i c  in f r a r e d  s e n s o r s .  For th ese  s tu d ie s  
C arneggie  mounted h i s  in s tru m e n ts  a top  G la c ie r  P o in t  and made re a d in g s
o f  th e  v a l l e y  4000 f e e t  below. He a l s o  made re a d in g s  from th e  p la t fo rm  
a re a  o f  a  150 fo o t  w a ter  tow er. His r e c o rd in g s  were made over twenty- 
fo u r  hour spans and used  to  show th e  d iu r n a l  tem p e ra tu re  e f f e c t s  o f  
v a r io u s  n a t u r a l  and maiunade o b j e c t s .  The i n t e n s i t y  r e a d in g s  made were 
o f  th e  t o t a l  energy e m it te d  in  th e  8-14 m icron r e g io n .
M cC le llan , M einers and Orr [1 8 ]  made 250 r e f l e c t a n c e  cu rv es  o f  
p l a n t s  i n  th e  f i e l d  and in  a g reenhouse . These measurements were made 
in  th e  0 . 4 - 2 .0  m icron r e g io n  in  a  s p e c t r a l  manner. The equipment used 
was a sp ec tro p h o to m ete r  to  re c o rd  th e  d a ta  and a  tu n g s te n  lamp as  a 
source  r a t h e r  than  th e  sun . A ll  th e  equipment was housed in  a  l i g h t  
t i g h t  box which was f i t t e d  over th e  t e s t  p l o t  t o  be s tu d ie d .  The 
f i e l d  o f  v iew  o f  the  equipment was a s ix  inch  d iam e te r  c i r c l e .
Watson [19] and Howard, Watson and H ess ln  [20} looked a t  th e  
r e f l e c t a n c e  o f  ro ck s  and t r e e  le av es  in  a s p e c t r a l  manner th rough  th e  
w avelength  range  o f 0 .4  to  1 .5  m ic rons . They took  d a ta  b o th  in  th e  
l a b o r a to r y  u s in g  a  sp ec tro m e te r  and in  th e  f i e l d .  Data tak en  in  the  
f i e l d  was ta k en  w ith  an ISC0 s p e c t ro ra d io m e te r  w ith  a f i b e r  o p t i c  head . 
Measurements were tak en  w ith  th e  p robe  he ld  a t  a h e ig h t  o f  2 -3  f e e t  
above th e  ro c k  s u r fa c e  o r  leaves  to  be s tu d ie d .  R e f le c ta n c e  was 
o b ta in e d  by comparing th e se  re a d in g s  w ith  r e a d in g s  ta k e n  from a 
s tan d a rd  s u r fa c e  o f  F ib e r f r a x .  The f i e l d  o f  view  o f  th e  in s tru m e n t  
was 30°. Measurements made o f  th e  ro c k  s u r f a c e s  were made a t  d i f f e r e n t  
o b s e r v a t io n  an g les  bu t due to  th e  la rg e  f i e l d  o f  view o f  the  f i b e r  
o p t i c  head the  r e s u l t s  o b ta in e d  showed on ly  g e n e r a l iz e d  t r e n d s .
Chia [21 ]  made measurements o f  th e  t o t a l  r e f l e c t a n c e  o f  s o i l s  and 
c rops in  a  t r o p i c a l  r e g io n  by u s in g  two Kipp s o l a r im e te r s  mounted on 
top  o f  a 20 fo o t  i r r i g a t i o n  p ip e  h e ld  v e r t i c a l l y .  One s o la r im e te r  was
p o in te d  down and th e  o th e r  p o in te d  up . The e f f e c t s  o f  m o is tu re  c o n te n t ,  
c rop  h e ig h t ,  s o l a r  z e n i th  an g le  and c lo u d s  were n o ted .
In  th e  l a t e  1960 's  and ex ten d in g  t o  th e  p r e s e n t  t im e ,  a number o f  
unique and i n t e r e s t i n g  te ch n iq u es  have been  used to  t r y  t o  look a t  
c o n s i s t e n t  a re a s  o f  n a t u r a l  s u r fa c e s  under v a ry in g  n a t u r a l  c o n d i t io n s  
i n  o rd e r  to  document th e  e f f e c t s  o f  n a t u r a l  v a r i a b l e s  on th e  
r e f l e c t a n c e  d a ta  which i t  i s  now p o s s ib l e  to  take  w ith  a i rb o rn e  s e n s in g  
d e v ic e s  (see  Appendix A). S e v e ra l  o f  t h e s e  s tu d ie s  a r e  th o se  u n d e r­
taken  by Salomonson [ 2 2 ] ,  and Salomonson and M a r le t t  [2 3 ,  2 4 ] .  T h e i r  
s t u d i e s  invo lved  th e  u se  o f  an  a i rb o rn e  scann ing  ra d io m e te r  which 
reco rd ed  t o t a l  r e f l e c t i o n  re a d in g s  in  two bands. The ra d io m e te r  used  
was a  s l i g h t l y  m od if ied  v e r s io n  o f  the  Nimbus F-3 r a d io m e te r .  The 
bands used were 0 .2 - 4 .0  microns and 0 .5 5 -0 .8 5  m icrons . The f i e l d  o f  
view was 50 m i l l i r a d i a n s .  A s i l i c o n  c e l l  pyranom eter was used to  
re c o rd  in c id e n t  s o l a r  i n t e n s i t y .  S i t e s  and n a t u r a l  s u r f a c e s  chosen  
fo r  s tu d y  were such  t h a t  th e  a re a  flow n o v e r  by th e  a i r c r a f t  was 
c o n s ta n t  in  c o m p o s i t io n .  S u r fa ce s  s tu d ie d  in c lu d ed  c lo u d s ,  snow, w h ite  
gypsum san d , a d ry  la k e  b e d ,  p r a i r i e  g r a s s ,  a  swamp a r e a  covered  w ith  
c o n s i s t e n t l y  dense v e g e t a t i o n ,  and th e  o cean . Based on th e  d a ta  ta k e n ,  
b i d i r e c t i o n a l  r e f l e c t a n c e  ( s e e  F ig u re  A-5) v e rsu s  s o l a r  z e n i th  a n g le ,  
r a d io m e te r  v iew ing a n g le  and r e l a t i v e  azim uth  ang le  between th e  s o l a r  
and ra d io m e te r  p la n e  was p l o t t e d  f o r  s e v e r a l  o f  the  s u r f a c e s .  I t  was 
no ted  t h a t  th e  b i d i r e c t i o n a l  r e f l e c t a n c e  o f  n a tu r a l  s u r f a c e s  under 
n a t u r a l  c o n d i t io n s  i s  a n i s o t r o p ic .
S u i t s  and S a f i r  [ 2 5 ]  a t  th e  U n iv e r s i ty  o f  M ichigan have r e c e n t l y  
com pleted a s tudy  of th e  e f f e c t s  o f  canopy s t r u c t u r e  on r e f l e c t a n c e  
m easurem ents. They used  a ISCO sp ec tro p h o to m ete r  in  t h e i r  f i e l d  t e s t s
which were made i n  a  co rn  p a tc h .  The sp ec tro p h o to m ete r  was mounted 
on a c h e r ry  p ic k e r  app rox im a te ly  te n  m ete rs  above th e  f i e l d .  The 
f i e l d  o f  view o f  the  in s tru m e n t  was twenty d e g re e s .  R e f le c ta n c e  was 
o b ta in e d  by f i r s t  r e a d in g  from th e  co rn  f i e l d  and th e n  re a d in g  from a 
s tan d a rd  r e f e r e n c e  g ray  Lam berta in  p a n e l  mounted on the  c h e r r y  p i c k e r .  
S p e c t r a l  d a ta  was o b ta in e d  f o r  a w avelength  ran g e  o f 0 .4  to  1 .1  m ic rons .
Lyon [2 6 ]  and Lyon and P a t t e r s o n  [27] i n  s tu d ie s  to  t r y  to  i d e n t i f y  
ro ck  types  by t h e i r  s p e c t r a l  e m i s s i v i t i e s  in  th e  8-13 m icron range  
b u i l t  a m obile  f i e l d  l a b o ra to ry  c a r r i e d  on a t h r e e - f o u r t h s  to n  p ickup  
t r u c k .  The l a b o ra to ry  was powered by a g a s o l in e  eng ine  d r iv e n  
g e n e r a to r .  The o p t i c a l  heads o f  t h e i r  ra d io m e te r  and sp ec tro m e te r  
were mounted on a t r i p o d  which cou ld  be moved up to  one hundred f e e t  
from th e  v e h i c l e  which co n ta in ed  a l l  th e  e l e c t r o n i c s  i n  a  c o n t r o l l e d  
env ironm ent. The t r i p o d  h e ld  th e  o p t i c a l  heads ap p ro x im a te ly  t h r e e  
f e e t  above th e  ro ck  s u r f a c e s  to  be s tu d ie d .  The f i e l d  o f  view o f  th e  
o p t i c s  was n o t g iv en . E m is s iv i t i e s  were o b ta in e d  by comparing the 
r e a d in g s  made to  the  i r r a d i a n c e  expec ted  i f  the  rocks  were b la c k  b o d ie s  
a t  th e  te m p era tu re  measured. I t  was no ted  from th e  s tu d y  t h a t  th e  
e m is s iv i t y  o f  a l l  ro ck  s u r f a c e s  approached u n i t y  as  th e  s u r f a c e  
became ro u g h e r .
Yost [2 8 ]  in  making f i e l d  s tu d ie s  o f  th e  e f f e c t  on th e  s p e c t r a l  
s ig n a tu r e s  o f  t r e e s  by the  m in e ra l  c o n te n t  o f  th e  s o i l  used  a  p o r t a b le  
s p e c t ro ra d io m e te r  mounted on a  c h e r ry  p i c k e r .  Due to  th e  h e ig h t  l im i­
t a t i o n s  o f  t h i s  d ev ice  much o f  h i s  d a ta  was ta k en  by lo o k in g  a t  the  
s id e  o f  th e  t r e e s .  L a te r  he mounted a  40 fo o t  p e r i s c o p e  tower w ith  a 
m ir ro r  a t  th e  top o f  th e  back o f  a  t r u c k .  The ra d io m e te r  was then
mounted a t  th e  base  o f  th e  tower and re a d in g s  were made from the  
m ir ro r  s u r f a c e .
M i l le r  and P earson  [29] made a  s p e c t r a l  r e f l e c t a n c e  s tudy  o f  
g r a s s e s ,  geo log ic  m a te r i a l  and road  m a te r i a l s  under n a t u r a l  c o n d i t io n s .  
T h e i r  te ch n iq u es  o f  g a th e r in g  d a ta  c o n s i s te d  o f  u s in g  an EG&G 580-585 
sp e c tro ra d io m e te r .  This  in s tru m en t i s  comprised o f  a r e f l e c t i v e  
te le s c o p e  w ith  a v a r i a b l e  f i e l d  o f  view  from 7 .5  m inu tes  to  two d e g re e s ,  
a  monochromator housing  which a c c e p ts  one o f  th re e  g r a t i n g s  to  c o v e r  
th e  s p e c t r a l  re g io n  from 0 .18  to  1 .6  m ic ro n s ,  two p h o to m u l t i p l i e r  
d e t e c to r s  w ith  S - l  and S-10 s e n s i t i v i t i e s ,  a read o u t u n i t  which c o n ta in s  
a s i x  decade low l e v e l  c u r r e n t  a m p l i f i e r  and a re a d o u t  m e te r .  A one 
meter f i b e r  o p t i c s  probe i s  a l so  a v a i l a b l e  to  r e p la c e  th e  te le s c o p e .
The sp e c tro ra d io m e te r  was mounted i n s id e  a sm all l a b o r a to r y  t r a i l e r  
which could be connected  to  a t ru c k  o r  je e p  and moved on lo c a t io n  f o r  
f i e l d  measurements. The t r a i l e r  had a  sm all  opening in  th e  s id e  
th rough which the  in s tru m e n t  could  be s ig h te d  to  read  d a t a  from a 
f o ld in g  m ir ro r  mounted on a  t r i p o d .  A lthough the ra d io m e te r  had a  
v a r i a b l e  f i e l d  o f  view  i n  d i s c r e t e  s t e p s  between 7 .5  m inu tes  and 2 
d e g re e s ,  the  u s e f u l  f i e l d  o f  view i n  t h i s  s tudy  was l im i t e d  by th e  s i z e  
o f  th e  f o ld in g  m ir ro r  which waB 15 cm. and by the  d i s t a n c e  between 
th e  rad io m e te r  and the  m i r ro r .
In  r e c e n t  years  much work has been  done a t  the  U n iv e r s i ty  o f  
M ichigan and Purdue U n iv e r s i ty  in  dev e lo p in g  a m u l t i s p e c t r a l  scanne r  
and techn ique  whereby p l a n t s  and s o i l s  can be i d e n t i f i e d  from low 
f l y i n g  a i r c r a f t  w ith  a l l  v a r i a b l e s  p r e s e n t .  The o p e r a t io n  o f  the  
m u l t i s p e c t r a l  scanner i s  g iven  in  some d e t a i l  in  Appendix A. The 
tech n iq u e  used fo r  i d e n t i f i c a t i o n s  i s  based on comparing the  i n t e n s i t y
l e v e l s  reco rd ed  in  each  chan n e l o r  bands o f  the  e le c t ro m a g n e t ic  spectrum  
to  f in d  a unique  com bina tion  f o r  each item  to  be i d e n t i f i e d .  Ground 
t r u t h  d a ta  i s  c o l l e c t e d  o r  s ta n d a rd  s p e c t r a l  s ig n a tu r e  cu rv es  a r e  used 
to  d e te rm ine  what item s correspond  to  what i n t e n s i t y  l e v e l s .  The 
i d e n t i f i c a t i o n  p ro c e ss  i s  done by computer and has g iv e n  r e s u l t s  w ith  
e i g h t y  p e rc e n t  accu racy .
M a rsh a l l ,  Thomson, Thomson and K r ie g le r  [30] used  th e  U n iv e r s i ty  
o f  M ichigan m u l t i s p e c t r a l  scanne r  and ground t r u t h  measurements to  
d i s t i n g u i s h  and map w in te r  wheat in  an  a g r i c u l t u r a l  a r e a  near 
L a f a y e t t e ,  In d ia n a  in  1969. A s tudy  by E a r in g  and G insberg  [3 1 ]  was 
made a t  the  same time to  p r e d i c t  u s in g  a l i b r a r y  o f  s ta n d a rd  m u l t i ­
s p e c t r a l  s i g n a tu r e s  the  p r o b a b i l i t y  o f  wheat d e t e c t i o n .  M a tu r i ty  o f  
p l a n t s ,  time o f  y e a r ,  a l t i t u d e  and background e f f e c t s  were s tu d ie d  to  
d e te rm in e  t h e i r  in f lu e n c e  on wheat r e c o g n i t i o n .  Tanguay, H offer  and 
M iles  L32] made a  s im i la r  s tu d y  a t  about th e  same tim e u s in g  a  m u l t i ­
s p e c t r a l  scanner  f o r  mapping o f  e n g in e e r in g  s o i l s .  T h is  s tudy  
in d ic a te d  th e  need f o r  a d d i t i o n a l  r e s e a r c h  to  q u a n t i fy  and p r e d i c t  the  
s p e c t r a l  and th e rm a l p r o p e r t i e s  o f  s o i l  types  and t e x tu r e s  under 
v a r io u s  c o n d i t io n s  o f  m o is tu re  and i r r a d i a n c e .  Another s tu d y  to  map 
t r u e  i s l a n d s ,  saw g rass ,  g r a s s l a n d s ,  s p ik e ru sh  g ra s s la n d s  and w ater 
u s in g  a  m u l t i s p e c t r a l  scanner was made i n  a  p o r t i o n  o f  E verg lades  
N a t io n a l  Park  by K o l ip in s k i ,  H iz e r ,  Thomson and Thomson [ 3 3 ] .
S tu d ie s  on the  E f f e c t s  o f  V a r ia b le s
There have been a number o f o th e r  s t u d i e s  made w ith  the  ex p re ssed  
i n t e n t  o f  s tu d y in g  th e  e f f e c t s  of v a r i a b l e s  on the  r e f l e c t a n c e  re a d in g s  
o r  the  e m is s iv i ty  o f  n a t u r a l  o b j e c t s .  These s tu d ie s  were surveyed
and a re  l i s t e d  no t so much f o r  the  te c h n iq u e s  w ith  which they  
c o l l e c t e d  d a ta  b u t  fo r  th e  d a ta  they  p r e s e n t  on th e  v a r i a b l e s .
Block [3 4 ]  o b ta in e d  the  e m is s iv i ty  o f  s e v e r a l  s o i l  s u r f a c e s  v e rsu s  
w avelength  and g r a in  s i z e .  His s t u d i e s  covered  a w avelength  ran g e  o f
2 .0  - 5 .0  m ic rons . B r e t t n e r ,  Kern and C ron in  [3 5 ]  used  a B arnes IT-2 
IR Thermometer to  ta k e  e m is s iv i t y  v a lu e s  o f  m in e ra l  s u r f a c e s  v e r s u s  
w aveleng th  fo r  v a r io u s  t e m p e ra tu re s .  Most of t h e i r  d a ta  was ta k e n  in  
th e  8 - 1 2  m icron  r e g io n  and was tak en  i n  a  d i r e c t i o n  normal to  th e  
m in e ra l  s u r f a c e s  which had been p o l i s h e d .
Lyons [2 6 ]  in  1965 p re s e n te d  d a ta  which c o n ta in e d  330 norm al 
e m it ta n c e ,  r e f l e c t a n c e  and t r a n s m i t ta n c e  s p e c t r a  o f  roughened ro c k  
and m in e ra l  s u r f a c e s .  His d a ta  was ta k e n  from 8 ■‘v 25 microns w i th  a 
P erk in -E lm er Model 112 s i n g le  beam s p e c t ro m e te r .  He h ea ted  h i s  samples 
in  a fu rn a n c e ,  then  d i r e c t e d  th e  i r r a d i a n c e  from th e  t e s t  s u r f a c e  to  
h i s  in s t ru m e n t  w ith  m i r r o r s .  He showed the  e f f e c t s  o f  te m p e ra tu re ,  
s u r f a c e  ro u g h n ess ,  and p a r t i c l e  s i z e  on the  s p e c t r a l  e m it ta n c e s  o f  the  
sam p les .
G ates and T an tra p o rn  [36] s tu d ie d  th e  s p e c t r a l  r e f l e c t a n c e  o f  
deciduous t r e e s  and sh rubs  i n  th e  i n f r a r e d  re g io n  o f  1 .0  -  25 m ic rons . 
The s tudy  was done i n  a  l a b o ra to ry  by r e f l e c t i n g  th e  i r r a d ia n c e  from 
a Globar so u rce  from p ick ed  le av e s  to  an i n f r a r e d  sp e c tro m e te r .
S ev e ra l  d i f f e r e n t  a n g le s  were used  betw een the  source  and the  sam ples. 
The re a d in g  ang le  used  was n o t  g iven  in  th e  r e p o r t .
O ther v a r i a b l e s  s tu d ie d  were the  e f f e c t  o f  l e a f  m a tu r i ty  on th e  
r e f l e c t a n c e  s p e c t r a  o f  c o t to n  p l a n t s  i n  the  0 .5  - 2 .5  micron r e g io n  by 
Gausman, A l le n ,  Cardenas and R ichardson  [ 3 7 ] ,  and a l s o  th e  e f f e c t s  o f
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water vapor i n  th e  a i r  on d a ta  tak en  i n  the  i n f r a r e d  r e g io n ,  8 to  14 
m icrons , by O sh iv e r ,  S tone , C la rk  and B esb e r ia n  [3 8 ] .
S e v e ra l  i n v e s t i g a t o r s  have made computer models o f  th e  atm osphere 
t o  c a l c u l a t e  th e  e f f e c t s  o f  a tm ospheric  v a r i a b l e s .  R ose , Anding, and 
Walker [39] made a model to  c a l c u l a t e  t h e  e f f e c t s  o f  th e  a tm osphere 
on r a d i a t i o n  t r a n s f e r  i n  th e  i n f r a r e d  r e g io n  from 1 to  30 m icrons . 
T u rn e r ,  M a li la  and Nalepha [4 0 ]  a l s o  have made an a tm o sp h eric  model 
to  show the  e f f e c t s  on r a d i a n t  energy  t r a n s f e r  in  th e  0 .4  to  3 m icron 
r e g io n .  T h e ir  model was used to  compute i r r a d i a n c e ,  p a th  r a d ia n c e ,  
sky r a d ia n c e ,  t r a n s m i t t a n c e ,  c o n t r a s t  t r a n s m i t ta n c e  in  a c lo u d le s s  sky 
f o r  v a r io u s  s o l a r  a n g le s ,  v iew ing  a n g le s ,  a l t i t u d e s ,  s u r f a c e  r e f l e c ­
ta n c e s  and haze c o n d i t io n s .
Hisim [4 1 ]  in  h i s  s tudy  a t  LSU showed th e  e f f e c t s  o f  v a r io u s  
t r a c e  gases  and p o l l u t a n t s  on the  t r a n s m i s s i v i t y  o f  the  a tm osphere  fo r  
d i f f e r e n t  p a r t i c l e  coun ts  o f  the  t r a c e  g a s e s .  His d a ta  was taken  
s p e c t r a l l y  from 0 ,3  to  13 m icrons.
There  have been many s tu d ie s  on th e  e f f e c t s  o f  an g u la r  v a r i a t i o n s  
on the  d a ta  r e c e iv e d  by rem ote s e n s in g .  Hapke and Van Horn [42 ]  in  
1962 made measurements in  th e  la b o r a to r y  on many ty p es  o f  powered ro ck s  
and m in e ra l  s u r f a c e s  a t  d i f f e r e n t  v iew ing  a n g le s .  They used a  lamp 
w ith  a S-6 s p e c t r a l  o u tp u t  a s  a source  and made t o t a l  d i r e c t i o n a l  
r e f l e c t a n c e  measurements i n  th e  v i s i b l e  r e g io n .  A s u r f a c e  coa ted  w ith  
magnesium oxide was used as a s ta n d a rd .  The so u rce  and view ing 
in s tru m e n t  were k e p t  c o p lan a r  b u t  th e  a n g le s  o f  bo th  w ith  r e s p e c t  to  
th e  t e s t  s u r fa c e s  were v a r i e d .
Shockley , K night and Lipscomb [4 3 ]  made l a b o r a to r y  t e s t s  u s in g  a 
Perk in-E lm er Model 221 S pec tropho tom ete r  to  g e t  th e  e f f e c t s  o f  g r a in
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s i z e ,  m o is tu re  c o n te n t ,  d e n s i t y ,  s o i l  type  and an g le  o f  in c id e n c e  on 
r e f l e c t a n c e  and e m is s iv i ty  p r o p e r t i e s .  A ca rb o n  a rc  l i g h t  sou rce  was 
used . Measurements were made a t  1 .4 ,  1 .75 , 1 .9 4 ,  2 .1 5 ,  4 .0  and 4 .5  
m ic ro n s .
Chen and Rao [4 4 ]  made a  s tu d y  u s in g  a s im i l a r  te ch n iq u e  on d e s e r t  
sand , w h ite  sand , s o i l  and w a te r .  They took  d a ta  a t  3975, 5000 and 
6050 A n g s tro n s .  The bandw idth  o f  the  r a d i a t i o n  sensed  was 150 
A ngstro n s .  T h e ir  s tu d y  in c lu d ed  p o l a r i z a t i o n  and r e f l e c t a n c e  e f f e c t s  
r e s u l t i n g  from v a r io u s  com bina tions  o f  an g le  o f  i l l u m i n a t i o n ,  ang le  
of o b s e r v a t io n  and r e l a t i v e  azim uth between th e  so u rce  and th e  view ing 
in s t ru m e n t .  S to c k h o ff  and F ro s t  [4 5 ]  made a  s i m i l a r  s tu d y  showing th e  
in f lu e n c e  o f  v iew ing a n g le s ,  s o l a r  a n g le ,  p e r c e n t  m o is tu re  c o n te n t ,  
s o i l  type and p a r t i c l e  s i z e  on th e  r e f l e c t a n c e  and p o l a r i z a t i o n  e f f e c t  
of s o i l s .
Coulson [4 6 ,  4 7 ] ,  and C oulson , B o u ric iu s  and Gray [4 8 ]  made 
h e m isp h e r ic a l  maps showing the  d i r e c t i o n a l  r e f l e c t a n c e  o f  s o i l  a s  a 
fu n c t io n  o f  v iew ing  and i l l u m i n a t i o n  a n g le .  They used v a r io u s  s o i l s  
and sand as  t h e i r  t e s t  s u r f a c e s .  Measurements were made a t  w aveleng ths  
o f  0 .4 9 ,  0 .6 4  and 0 .8 0  m icrons in  a  l a b o r a to r y .  An ln c a n d e sc a n t  l i g h t  
source  was u sed . A s ta n d a rd  s u r f a c e  was made from an aluminum p l a t e  
covered  w i th  antimony ox id e  p a i n t  and then  c o a te d  w ith  a 2mn la y e r  o f  
magnesium ox ide  smoke. The s i z e  o f  th e  v iew ing  a re a  on th e  samples 
was 10 cm. T h is  s tu d y  o u t l i n e s  v e ry  w e ll  th e  dependence o f  r e f l e c t e d  
r a d i a t i o n  on angle o f  in c id e n c e ,  azim uth  and e l e v a t i o n  an g le  as  w e l l  
as w avelength  and the  p h y s ic a l  s t a t e  o f  the s u r f a c e .
A R u ss ia n  p aper  p u b l ish e d  i n  1971 by Hodarev, Dunaev, Rodionov, 
S e teb ry ak y an , Tchesnokov and E tk in  [49] p r e s e n ts  r e f l e c t a n c e  d a ta  
fo r  many n a t u r a l  o b j e c t s  fo r  v a r io u s  sun a n g le s ,  tim e o f  y e a r ,  wave-* 
le n g th  and v e g e t a t iv e  p h a se s .  The te ch n iq u es  used  to  c o l l e c t  t h i s  
d a ta  a re  unknown.
CHAPTER X I I
TEST PROCEDURE
A g e n e r a l iz e d  t e s t  p rocedu re  was developed in  o rd e r  to  meet the  
o b je c t iv e s  o u t l in e d  in  C hapter  I .  The f i r s t  s te p  i n  t h i s  p rocedure  
was to  d ec id e  upon a p r a c t i c a l  and in ex p en s iv e  te ch n iq u e  which cou ld
e a s i l y  be used f o r  ta k in g  r e f l e c t a n c e  and em it tan ce  d a t a  in  th e  n a t u r a l
env ironm ent. A c o n s id e r a t io n  in  d e s ig n in g  th e  te ch n iq u e  t o  be used 
was t h a t  i t  s im u la te  a i rb o rn e  tech n iq u es  w ith  the  major e x ce p t io n  
b e in g  t h a t  th e  same t e s t  p l o t  cou ld  be viewed over a  long p e r io d  o f  
t im e .  S ince th e  use  o f  t h i s  tech n iq u e  was such t h a t  th e  sen s in g  system  
and the  s u r f a c e  viewed were c o n s t a n t ,  the  on ly  v a r i a b l e s  a f f e c t i n g  the  
d a ta  taken  were the  v a r i a b l e s  o f  th e  n a t u r a l  environm ent such as s o l a r  
z e n i th  a n g le ,  s o i l  m o is tu re  c o n te n t  and a tm ospheric  c o n d i t io n s .  By
ta k in g  enough d a ta  over a p e r io d  o f  t im e , th e  e f f e c t s  o f  th e se
v a r i a b l e s  on th e  r e f l e c t a n c e  and e m it ta n c e  c h a r a c t e r i s t i c s  o f  n a t u r a l  
s u r f a c e s  in  a n a t u r a l  environm ent can be determ ined  w i th  th e  te c h n iq u e .  
S ince  the  t im e ,  money, and e f f o r t  r e q u i r e d  in  o rd e r  t o  tak e  enough 
d a ta  to  c o m p le te ly  s e p a ra te  and i d e n t i f y  the  e f f e c t s  o f  a l l  th e  p o s s ib le  
v a r i a b l e s  in  th e  n a t u r a l  environm ent on r e f l e c t a n c e  and e m ittan ce  d a ta  
was p r o h i b i t i v e ,  t h i s  r e s e a r c h  c o n c e n tra te d  on dev e lo p in g  and t e s t i n g  
th e  tech n iq u e  and equipment which was d es ig n ed .
The method developed fo r  ta k in g  d a ta  i s  shown in  F ig u re  I I I - l  
( a l s o  see R eference  5 0 ) .  The sun i s  used as th e  so u rc e .  The t e s t  
p lo t  can be any la rg e  a re a  o f  c o n s i s t e n t  v e g e ta t io n  o r  s o i l .  The 
b a l lo o n  i s  he lium  f i l l e d  and must c o n ta in  a t  l e a s t  1000 cub ic  f e e t
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o f  g a s  i n  o r d e r  t o  p ro d u ce  enough l i f t  t o  b e  s t a b l e  and t o  c a r r y  t h e  
f o l d i n g  m i r r o r  a l o f t .  The b a l lo o n  was h e ld  s t a t i o n a r y  by  t h r e e  s t e e l  
c a b l e s .  The f o l d i n g  m i r r o r  was a l s o  h e ld  s t a t i o n a r y  by t h r e e  l i g h t e r  
w e ig h t  s t e e l  c a b l e s  and was th e  s u r f a c e  from w hich  th e  s p e c t r o r a d io m e te r  
r e c o rd e d  th e  i n t e n s i t y  o f  th e  e n e rg y  b e in g  r e f l e c t e d  o r  e m i t t e d  from 
th e  t e s t  s u r f a c e .  The s p e c t r o r a d io m e te r  was mounted on t h e  back  o f  a 
t r u c k  and was u sed  to  c o l l e c t  and r e c o r d  th e  d a t a .  The s p e c t r o ­
r a d io m e te r  c o u ld  a l s o  be mounted i n  a  s m a l l  m o b ile  t r a i l e r  o r  c o v e red  
van  f o r  a  more p r o t e c t e d  e n v iro n m e n t .
T h ere  a r e  s e v e r a l  a d v a n ta g e s  to  u s in g  t h i s  ty p e  o f  method to  
c o l l e c t  in f o r m a t io n  on th e  e f f e c t s  o f  p a ra m e te r s  in  th e  n a t u r a l  e n v i r o n ­
ment on th e  r e f l e c t a n c e  and e m i t t a n c e  o f  n a t u r a l  s u r f a c e s .  When 
compared t o  l a b o r a t o r y  t e c h n iq u e s  used  t o  d e te r m in e  th e  e f f e c t s  o f  
n a t u r a l  v a r i a b l e s ,  t h e  method as  shown i n  F ig u r e  I I I - l  a l lo w s  a l l  t h e  
v a r i a b l e s  to  be s tu d ie d  as th e y  r e a l l y  a r e  and n o t  s im u la t e d .  The 
b a l l o o n / m i r r o r  t e c h n iq u e  a l s o  a l lo w s  a  c o n s t a n t  p l o t  to  be  viewed o v e r  
a  long  p e r io d  o f  t im e .  A no ther  ad v an ta g e  i s  t h a t  a  l a r g e  s u r f a c e  a r e a  
i s  v iew ed w h i le  s t i l l  m a in t a in in g  a  sm a l l  a n g u l a r  f i e l d  o f  v iew . 
T h e r e f o r e ,  i n d i v i d u a l  s u r f a c e  i r r e g u l a r i t i e s  a r e  p re v e n te d  from h a v in g  a 
s i g n i f i c a n t  e f f e c t  on t h e  r e f l e c t a n c e  r e a d i n g s  made, b u t  a n g u la r  
c h a r a c t e r i s t i c s  o f  th e  d a t a  a r e  s t i l l  m a in ta in e d .  The te c h n iq u e  
d e s c r ib e d  a l s o  s im u la te s  v e r y  c l o s e l y  th e  t a k i n g  o f  d a t a  from an 
a i r c r a f t .  T h is  i s  an  ad v an ta g e  s in c e  t h e  d a t a  o b ta in e d  w i t h  t h i s  
te c h n iq u e  c a n  e a s i l y  be c o r r e l a t e d  w i th  th e  i n f o r m a t io n  r e c e i v e d  from 
a i r b o r n e  rem ote  s e n s in g  t e c h n i q u e s .  The b a l l o o n / m i r r o r  method has  th e
a d v an ta g e  o f  b e in g  a b l e  t o  v a ry  many o f  th e  p a ra m e te r s  in v o lv e d  in
+ The m i r r o r  i t s e l f  does  n o t  fo ld  b u t  i n s t e a d  f o l d s  t h e  o p t i c a l  
p a th  o f  th e  r a d i a t i o n .
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FIGURE m - 2. RADIATION GEOMETRY
* ict a k in g  rem ote s e n s in g  d a ta  such as  s o l a r  z e n i t h  an g le  , v iew ing  an g le  ,
*
r e l a t i v e ,  azim uth an g le  , r e s o l u t i o n  and a i r  column le n g th  w ith o u t  
m ajor d i f f i c u l t y .  F i n a l l y ,  th e  o v e r a l l  c o s t s  Involved  w i th  t h i s  
te ch n iq u e  a re  m inim al.
The b a l lo o n /m ir r o r  te ch n iq u e  f o r  t a k in g  r e f l e c t a n c e  d a t a  has 
s e v e r a l  d is a d v a n ta g e s .  F i r s t  o f  a l l ,  a l a r g e  f i r 3 t  s u r f a c e  r e f l e c t o r  
ap p ro x im a te ly  o n e - h a l f  th e  s i z e  o f  the  p l o t  to  be viewed i s  r e q u i r e d  
s in c e  th e  m ir ro r  i s  p o s i t io n e d  ap p ro x im a te ly  h a l f  way between th e  
s p e c t ro ra d io m e te r  and th e  teB t p l o t .  The s p e c t ro ra d io m e te r  must be 
p o r t a b le  and e i t h e r  be p r o te c te d  o r  must o p e ra te  s a t i s f a c t o r i l y  in  th e  
n a t u r a l  e lem en ts .  The problems a s s o c ia te d  w i th  f i e l d  sp e c t ro ra d lo m e te r s  
a re  w e l l  o u t l in e d  in  R eference  51 . The m ir ro r  must a l s o  be s t a b i l i z e d .  
The b a l lo o n /m ir r o r  system  as  such i s  r a t h e r  d i f f i c u l t  to  launch  and 
o p e r a te .  The m ir ro r  h e ig h t  i s  l im i t e d  s in c e  th e  c a b le  w e ig h t  and land 
s i z e  r e q u i r e d  fo r  lau n ch in g  th e  system  in c r e a s e s  as  th e  m ir ro r  h e ig h t  
i s  in c re a s e d .
The second major s t e p  u n d e r ta k en  to  meet th e  s t a t e d  o b je c t i v e s  
was to  b u i l d  and t e s t  th e  equipment Involved  in  the  b a l lo o n /m ir r o r  
te c h n iq u e .  The f i r s t  i tem  developed was th e  s p e c t ro r a d io m e te r .  Th is  
item  i s  d e sc r ib e d  in  C hap ter  IV. S ince  th e  e f f e c t s  o f  th e  p a ram ete rs  
in  th e  n a t u r a l  environm ent on the  i r r a d i a t i o n  from n a t u r a l  s u r f a c e s  
i s  a f u n c t io n  o f  the  w aveleng th  o f  th e  e n e rg y ,  th e  sp e c t ro ra d io m e te r  
was des ig n ed  to  c o l l e c t  d a ta  as a  fu n c t io n  o f  w aveleng th . C o in c id e n ta l  
w i th  th e  development o f  th e  s p e c t r o r a d io m e te r ,  th e  b a l lo o n /m ir r o r  
system  was d e s ig n ed , b u i l t ,  and t e s t e d .  A d i s c u s s io n  o f  th e  r e s u l t s
See F igu re  I I I - 2 L24] f o r  d e f i n i t i o n  o f  th e se  te rm s .
o f  t h i s  work i s  g iv e n  i n  Chapter V. O ther components invo lved  i n  th e  
te ch n iq u e  were th e n  b u i l t  and t e s t e d  as o u t l in e d  in  the  f i r s t  p a r t  
o f  C hap ter  VI.
The t h i r d  s te p  in  th e  s tudy  was th e  ta k in g  o f  d a t a .  T h is  was 
accom plished  by th r e e  d i f f e r e n t  m ethods. The f i r s t  two m ethods 'w ere  
d e r i v a t i v e s  o f  the  b a l lo o n /m ir r o r  te ch n iq u e  and were used f o r  a 
com parison t o  th e  b a l lo o n /m ir r o r  te c h n iq u e .  The f i r s t  s e t  o f  
r e f l e c t a n c e  d a ta  was t a k e n  in  t h e  l a b o r a to r y .  The s p e c tro ra d io m e te r  
and a f o ld in g  m ir ro r  mounted on a  p o r t a b l e  p la t fo rm  were u sed .  A p l o t  
o f  g ra s s  c o n ta in e d  in  a shallow  pan  and a s o i l  sample were t e s t e d .  
Readings from a s ta n d a rd  s u r fa c e  were used to  compare w ith  re a d in g s  
from th e  t e s t  s u r f a c e  in  o rd e r  t o  o b t a in  r e f l e c t a n c e .  V a r ia t io n s  i n  
th e  r e f l e c t a n c e  d a ta  w i th  d i f f e r e n t  so u rce  a n g le s  was o b ta in e d  by 
a c c u r a t e ly  p o s i t i o n i n g  th e  sou rce  a t  v a r io u s  z e n i th  an g le s  t o  th e  t e s t  
p l o t  and making r e a d in g s .  Data was ta k en  i n  th e  s p e c t r a l  r e g io n  from 
0 .3  to  3 .0  m icrons . A 150 w a tt  l i g h t  bu lb  and a 500 w a tt  photolamp 
were used as  energy  s o u rc e s .  In  o rd e r  t o  narrow th e  s tu d y ,  th e  on ly  
p a ram ete r  v a r i e d  was th e  source  z e n i t h  o r  in c id e n t  a n g le .  The v iew ing  
o r ra d io m e te r  z e n i th  an g le  was 15 d e g re e s .  The r e l a t i v e  azim uth an g le  
betw een th e  sou rce  z e n i t h  p lane  and th e  v iew ing  p la n e  was z e r o .  The 
r e s u l t s  o f  th e s e  t e s t s  a re  g iven  i n  C hapter VI.
A second s e t  o f  d a t a  was th e n  ta k e n  i n  th e  f i e l d  w ith  th e  s p e c t r o ­
ra d io m e te r  and th e  f o ld in g  m ir ro r  on th e  p o r t a b le  p la t fo rm .  T h is  
d a t a  was t a k e n  i n  a  manner as c l o s e  a s  p o s s ib l e  to  t h a t  used  i n  th e  
la b o r a to r y  t e s t s .  The major d i f f e r e n c e s  were t h a t  th e  sun was used 
as  th e  so u rc e  and th e  d a t a  was ta k e n  in  th e  n a t u r a l  env ironm en t.  A 
t e s t  p l o t  o f  g ra s s  and th e  same s ta n d a rd  s u r f a c e  as  used in  th e
l a b o r a to r y  t e s t s  were u t i l i z e d  i n  th e  f i e l d  t e s t s .  The r e l a t i v e  
azim uth  a n g le  between th e  s o la r  z e n i th  p lan e  and th e  v iew ing  p lane  
was k e p t  as sm a ll  as  p o s s ib l e .
A t h i r d  s e t  o f  d a t a  was o b ta in e d  w ith  th e  b a l lo o n /m i r r o r  system .
For t h i s  d a ta  th e  s ta n d a rd  s u r fa c e  was n o t  u sed .  Data was ta k en  
from th e  same g ra s s  s u r f a c e  as used  in  the  p re v io u s  t e s t s .  The r e s u l t s  
o f  a l l  th e  f i e l d  t e s t i n g  a re  p re s e n te d  in  C hapter  V II .
The r e s u l t s  o f  each  s e r i e s  o f  t e s t s  were ana lyzed  b e fo re  th e  n ex t 
t e s t s  were made and i n  t h i s  way th e  l i m i t a t i o n s  o f  each  method were 
found as w e l l  as  the  b e s t  p rocedu re  t o  be used f o r  each o f  th e  t h r e e  
methods. C hap te r  V I I I  c o n ta in s  a b r i e f  sumnary o f  the  work accom plished 
f o r  th e  i n v e s t i g a t i o n  and th e  c o n c lu s io n s  t h a t  were made.
CHAPTER XV 
SPECTRORADIOMETER DESIGN AND CHECKOUT
In  o rd e r  t o  c o l l e c t  th e  d a t a  r e q u i r e d  to  meet th e  o b je c t i v e s  o f  
th e  r e s e a rc h  as o u t l in e d  in  C hapter  I ,  a  sp e c tro ra d io m e te r  was de­
s igned  and b u i l t .  The equipment a v a i l a b l e  fo r  b u i ld in g  th e  s p e c t r o ­
ra d io m e te r  in c lu d ed  a C e le s t r o n  8 te le s c o p e  to  be used  as an en erg y -  
c o l l e c t i n g  d ev ice  and a P erk in -E lm er Model 99 monochromator to  be 
used as a w aveleng th  and bandwidth s e l e c t i n g  d e v ic e .  A g u id e l in e  used 
th ro u g h o u t th e  d e s ig n  o f  th e  s p e c t ro ra d io m e te r  was t h a t  th e  system  
be re s p o n s iv e  to  r a d i a t i o n  w i th in  th e  w aveleng th  range  o f  0 .3  to  15 
m icrons. However, a coo led  therm ocouple  d e t e c to r  which would be 
re sp o n s iv e  to  energy  in  th e  3 .0  to  15 m icron  re g io n  was no t a v a i l a b l e  
fo r  th e  s tu d y .  T h e re fo re ,  th e  d a ta  ta k e n  was l im i te d  to  th e  0 .3  t o
3 .0  micron r e g io n .
The s p e c tro ra d io m e te r  d e s ig n  can be d iv id e d  i n t o  th re e  main 
system s. These a r e  th e  o p t i c a l ,  e l e c t r i c a l ,  and m echanical e lem en ts  
o f  th e  d e v ic e .  A d e s c r i p t i o n  o f  each o f  th e s e  e lem en ts  i s  g iv e n  in  
th e  fo l lo w in g  d i s c u s s io n .  The c a l i b r a t i o n  and checkou t p rocedure  
used to  de te rm in e  th e  c a p a b i l i t i e s  o f  th e  sp e c t ro ra d io m e te r  a r e  a l s o  
d i s c u s s e d .
Radiometer O p t ic a l  Design
A b a s ic  b lock  diagram  o f  a  ra d io m e te r  i s  g iven  in  F igure  IV -1 
below. The fo c u s in g  d ev ice  and th e  w aveleng th  s e l e c t o r  c o n ta in  th e
ENERGY—►
COLLECTOR 
AND 
FOCUSING 
, DEVICE
— H a s s * !
F ig u re  IV -1: Radiometer Block Diagram
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o p t i c s  used in  th e  r a d io m e te r . A schem atic  o f  th e  o p t i c s  used  fo r  
c o l l e c t i n g  and fo cu s in g  th e  r a d i a t i o n  i s  shown i n  F ig u re  IV-2.
An e ig h t  in c h  te le s c o p e  made by C e l e s t r o n - P a c i f i c  was m odif ied  
and used f o r  c o l l e c t i n g  th e  energy  be in g  r e f l e c t e d  o r e m it te d  from a t e s t  
o r  s tan d a rd  s u r f a c e .  The te le s c o p e  had a S chm id t-C asseg ra in  lens  
system . The p rim ary  m ir ro r  i s  concave , e i g h t  in ch es  in  d ia m e te r , 
and movable w i th  r e s p e c t  to  the  secondary  m ir ro r  which i s  f ix e d .
Movement o f  th e  p rim ary  m ir ro r  i s  th e  te ch n iq u e  used to  focus th e  
system . The secondary  m ir ro r  i s  two in c h es  in  d iam e te r  and i s  convex.
The image formed by th e se  two m ir ro r s  i s  focused  n ea r  th e  e x i t  t o  the  
te le s c o p e  as shown in  F ig u re  IV-2, The a f f e c t i v e  C a s s e g ra in  f o c a l  
le n g th  o f  th e se  two m ir ro rs  as  p o s i t io n e d  in  th e  t e le s c o p e  i s  two m e te rs .  
The n ear  focus  o f  th e  te le s c o p e  i s  25 f e e t .  The f i e l d  o f  view i s  15.2 
in ch es  a t  100 f e e t  when th e  image i s  focused  s l i g h t l y  o u ts id e  the  
d raw tu b e .
The te l e s c o p e  was m odif ied  in  s e v e r a l  r e s p e c t s .  F i r s t  o f  a l l  th e  
o c u la r  o r  e y e p ie c e  was removed. A lso , th e  Schmidt le n s  in  which th e  
secondary  m ir ro r  was mounted was removed t o  a llow  measurements t o  be 
made in  the  i n f r a r e d  r e g io n .  T h e re fo re ,  a new h o ld in g  d e v ice  f o r  th e  
secondary  m ir ro r  was d esigned  and b u i l t .  A photograph o f  th e  h o ld e r  
i s  shown in  F ig u re  IV-3. The f i n a l  m o d i f ic a t io n  to  th e  te le s c o p e  
was an  i r i s  o r  r e s t r i c t o r  p laced  in s id e  th e  draw tube. This  i r i s  had 
an  in s id e  d ia m e te r  o f  o n e - h a l f  in ch .  The energy re c e iv e d  by th e  
te le s c o p e  was focused  a t  th e  i r i s .  The i r i s  he lped  t o  red u ce  B l ig h t ly  
th e  d iam eter  o f  th e  beam o f  l i g h t  r e c e iv e d  by th e  t h i r d  r e f l e c t i n g  
s u r f a c e  o f  th e  o p t i c a l  system  and a ls o  made the  s i z e  o f  the  image formed 
a t  th e  e n t ra n c e  to  th e  monochromator more compatable w ith  the  s i z e  o f  
th e  e n tra n c e  s l i t .
T«l«SC0p6
S eco n d a ry  Mirror, M T e le sc a p e  
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D ra w tu b e
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FIGURE I E - 2 .  SCHEMATIC O F COLLECTIN G ANO FOCUSING O P T IC S
29
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FIGURE IV-3. Photograph  o f  Secondary M irro r  Mount
The most d i f f i c u l t  t a s k  i n  t h e  o p t i c a l  sy s tem  was d e s i g n i n g  th e  
m i r r o r s  u sed  to  t a k e  t h e  e n e rg y  r e c e i v e d  from  th e  t e l e s c o p e  and fo cu s  
i t  on th e  s l i t  o p e n in g  o f  t h e  m onochromator w i th  a s  l i t t l e  l o s s  in  
i n t e n s i t y  a s  p o s s i b l e .  The s l i t  o p en in g  to  t h e  monochromator i s  12 
m i l l i m e t e r s  i n  h e i g h t  w i th  a  maximum o p e n in g  w id th  o f  2 m i l l i m e t e r s .
The i n t e r n a l  o p t i c s  o f  th e  m onochromator r e q u i r e s  t h a t  th e  ex trem e  
a p e r t u r e  be f / 3 . 5  and th e  e f f e c t i v e  a p e r t u r e  be f / 4 . 5  o f  t h e  incom ing 
e le c t r o m a g n e t i c  e n e rg y  beam. Of t h e  many d e s ig n  p o s s i b i l i t i e s  t h e  
o p t i c a l  a r ra n g em en t  shown i n  F ig u r e  IV-2 was c h o se n  a s  t h e  one w hich 
c o u ld  be used  to  b e s t  match th e  monochromator o p t i c s  w i th  a  minimum lo s s  
o f  beam i n t e n s i t y  and w hich  had th e  s m a l l e s t  o f f - a x i s  a n g l e s .
A fo u r  in c h  d ia m e te r  concave  m i r r o r ,  w i th  a  f o c a l  l e n g th  o f  
0 .5 5  m e te rs  i s  l o c a t e d  34 in c h e s  from  th e  fo c u sed  image form ed by th e  
t e l e s c o p e .  T h is  m i r r o r  was b u i l t  by th e  O r i e l  O p t ic s  C o r p o r a t i o n  and 
c o n s i s t s  o f  p y rex  g l a s s ,  vacuum d e p o s i t e d  w i th  a lum inum  w i t h  an  o v e r ­
c o a t  o f  s i l i c o n  m onoxide. The s u r f a c e  i s  s p h e r i c a l  t o  an  a c c u r a c y  o f  
o n e - f o u r t h  w a v e le n g th  o f  v i s i b l e  b lu e  o v e r  80 p e r c e n t  o f  th e  d ia m e te r .
M, i s  a 2 .6  in c h  d ia m e te r  f l a t  m i r r o r .  I t  i s  l o c a t e d  ( s u r f a c e  to  4
s u r f a c e )  18 .75  in c h e s  from  M^. I t  i s  b u i l t  o f  th e  same m a t e r i a l s  and 
t o  th e  same a c c u ra c y  a s  M^. I t  h a s  a  t h i c k n e s s  o f  o n e - f o u r t h  in c h .
I t  was b u i l t  by th e  Dudley LeRay C la u s in g  Company.
A 2 .0  in c h  d ia m e te r  concave  m i r r o r ,  M^, w i th  a  f o c a l  l e n t h  o f  
0 .2 5  m e te r s  i s  l o c a t e d  7 .5  in c h e s  from th e  s l i t  o p en in g  t o  t h e  mono­
c h ro m a to r .  I t  was a l s o  b u i l t  by th e  Dudley LeRay C la u s in g  Company o f  
th e  same m a t e r i a l s  and t o  t h e  same a c c u ra c y  a t  and
The image formed by th e  t e l e s c o p e  a t  t h e  i r i s  i s  d e m a g n if ie d  by 
th e  fo c u s in g  o p t i c s  by a  f a c t o r  o f  0 .3 8 4 .  T h e r e f o r e ,  th e  image formed
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a t  th e  monochromator e n tra n c e  has a  d ia m e te r  o f  4 .8 7  m i l l i m e t e r s .  The 
a p e r a tu r e  o f  the  beam e n te r in g  th e  monochromator i s  4 .9 .  The p r o j e c t i o n  
o f  the  image focused  on th e  s l i t  e n t ra n c e  i s  as shown i n  F ig u re  IV-4 . 
T h e re fo re ,  the  en erg y  looked a t  by th e  monochromator from a t e s t  p l o t  
200 f e e t  away i s  t h a t  r e c e iv e d  from a s t r i p  11.7 in ch es  w ide. Th is  
rou g h ly  co rre sp o n d s  to  looking  a t  a  p l o t  o r  s t r i p  o f  ground 30 f e e t  
wide from an a l t i t u d e  o f  10,000 f e e t .
A P erk in -E lm er Model 99 doub le  pass  monochromator was used as th e  
w aveleng th  s e l e c t o r .  The o p t i c a l  p a th  o f  th e  monochromator i s  g iv en  
i n  F ig u re  IV-5. L ig h t  or e le c t ro m a g n e t ic  energy  e n t e r in g  the  e n tra n c e  
s l i t ,  S I ,  i s  c o l l im a te d  by th e  21 degree  o f f - a x i s  p a ra b o lo id ,  Ml, on 
th e  p r is m ,  PR. A f te r  one r e f r a c t i o n  th e  beam i s  r e f l e c t e d  by th e  
L i t t ro w  m i r r o r ,  M2, f o r  a  second r e f r a c t i o n  by PR. The r e t u r n i n g  beam 
i s  b ro u g h t t o  a focus  by Ml between th e  two h a lv es  o f  M4 a f t e r  r e ­
f l e c t i o n  from th e  sm a l l  d ia g o n a l  m i r r o r ,  M3. M4 r e f l e c t s  th e  beam 
back th ro u g h  th e  system , s l i g h t l y  d is p la c e d  so t h a t ,  a f t e r  a second 
t r a v e r s a l  th rough th e  p a ra b o la -p r ism -L it t£ o w  system , i t  i s  b rought to  a 
focus on th e  e x i t  s l i t ,  S2, a f t e r  r e f l e c t i o n  from M5.
The monochromator i s  d e s ig n ed  to  o p e ra te  i n  a ran g e  e x ten d in g
from th e  u l t r a v i o l e t  t o  15 m icrons in  th e  i n f r a r e d  r e g io n .  However,
i t  i s  n e c e s sa ry  to  in te rc h a n g e  p rism s when o p e ra t in g  over t h i s  e n t i r e  
ra n g e .  For t h a t  re a so n  a  fused  s i l i c a  p r ism  w ith  an apex an g le  o f  50 
deg rees  was used th ro u g h  th e  w aveleng th  range  o f 0 .2  to  3 .0  m icrons.
A NaCl p r ism  w ith  an apex ang le  o f  60 d eg re e s  must be used th roughou t
th e  i n f r a r e d  re g io n  from 3 .0  to  15 m icrons .
Wavelength c o n t r o l  i s  o b ta in e d  w ith  a w avelength  m icrom eter drum 
which c o n t r o l s  th e  movement o f  th e  L i t t ro w  m i r r o r .  The drum i s  g rad u a ted
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FIGURE BT-5. SCHEMATIC OPTICAL RATH OF THE MODEL 99  DOUBLE PASS MONOCHROMATOR
in  2400 d i v i s i o n s .  Each d i v i s i o n  r e p r e s e n t s  16.1  seconds o f  L i t t ro w  
r o t a t i o n  a r c .  T o t a l  a rc  movement i s  10 .7  d e g re e s .  In  a d d i t i o n ,  th e r e  
iB a  f i n e  screw on th e  L i t t r o n  m ir ro r  mount which p e rm its  18 d e g re e s  o f  
motion from any a r b i t r a r y  i n i t i a l  s e t t i n g  o f  th e  m i r r o r .  The s h a f t  o f  
the  w avelength  m icrom eter ex ten d s  th ro u g h  th e  back  o f  t h e  monochromator 
to  p e rm it  motor c o u p l in g  fo r  a u to m a tic  scann ing  o f  th e  spec trum .
E l e c t r i c a l / E l e c t r o n i c  D esign
An o v e r a l l  schem atic  o f  th e  e l e c t r i c a l / e l e c t r o n i c  components o f  
th e  ra d io m e te r  i s  g iv en  i n  F ig u re  IV -6 . Each component shown i n  th e  
schem atic  i s  d e sc r ib e d  in  th e  fo l lo w in g  p a ra g ra p h s .  The numbers shown 
in  th e  schem atic  r e f e r  to  th e  c a b le  numbers which connec t t h e  components 
These c a b le s  were purchased  from th e  P erk in -E lm er Company.
The energy  e x i t i n g  from th e  monochromator i s  focused  on to  de­
t e c t o r s  which c o n v e r t  th e  e le c t ro m a g n e t ic  energy  i n t o  an e l e c t r i c a l  
s i g n a l .  Two d e t e c t o r s  were r e q u i r e d  to  cover th e  w aveleng th  range  in  
which measurements were made.
A RCA 1P28 p h o to m u l t i p l i e r  tube  was a v a i l a b l e  f o r  measurements in  
th e  w aveleng th  range  o f  0 .2  to  0 .68  m icrons . The tu b e  i s  a  n in e -  
s ta g e  s id e - o n  type  w ith  an  S-5 s p e c t r a l  re sp o n se .  Power was su p p l ie d  
to  th e  p h o to m u l t i p l i e r  tube  a t  a  r e g u la t e d  v o l ta g e  o f  900 v o l t s  D.C. 
from a Perk in-E lm er p h o to m u l t ip l i e r  power su p p ly ,  Model number 112-0038. 
The tube was mounted i n  an e x t e r n a l  mounting assem bly  in  th e  s id e  o f  
the  monochromator. The e x t e r n a l  assem bly (P erk in -E lm er Model 012-0180) 
c o n ta in ed  a q u a r tz  condensing  len s  w ith  a  f o c a l  l e n g th  o f  59 m i l l im e te r s  
fo r  fo c u s in g  th e  energy  on th e  tu b e .
A lead  s u l f i d e  d e te c to r  (P erk in -E lm er Model 012-0353) was used  in  
the  s p e c t r a l  range  o f 0 .6 9  microns to  3 .0  m icrons. The u n i t  was housed
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i n  an  a ssem b ly  (P e rk in -E lm e r  Model 099-0019) mounted a t  t h e  e x i t  s l i t  
o f  th e  m onochrom ator. The h o u s in g  a ssem b ly  in c lu d e d  an  e l l i p s o i d a l  
mount f o r  f o c u s in g  th e  e n e rg y  on t h e  c e l l  u n i t .  The c e l l  was s im p ly  
co n n ec ted  t o  a  p r e a m p l i f i e r  and s w i tc h in g  u n i t  (P e rk in -E lm e r  Model 112- 
0028). The p re a m p l i f ie r  o p e r a t e s  on a  13 c p s  in p u t  and h a s  a  g a i n  o f  100.
I f  i t  i s  d e s i r e d  to  make e m i t t a n c e  m easurem ents i n  t h e  f a r  i n f r a r e d  
r e g i o n ,  i t  i s  n e c e s s a ry  t o  u se  a  c o o le d  th e rm o p i le  d e t e c t o r  and a  
NaCl p r i s m  i n  th e  m onochrom ator. The manner in  w hich  t h e  th e r m o p i l e  
would be c o n n e c te d  e l e c t r i c a l l y  i n t o  t h e  sy s tem  i s  a l s o  shown in  
F ig u re  IV -6 .
The P e rk in -E lm e r  a m p l i f i e r  c o n s i s t s  o f  s t a n d a r d  r e s i s t a n c e -  
c a p a c i t a n c e  a m p l i f i e r  c i r c u i t s  u s in g  d u a l  t r l o d e s  t o  p r o v id e  a m p l i f i ­
c a t i o n  and a  s u i t a b l e  o u tp u t  s t a g e  t o  m atch  t h e  r e c t i f i e r s ,  f i l t e r s  
and l o a d s .  I t  i s  a  t h r e e - s t a g e ,  13 c y c l e  p e r  second c a r r i e r  a m p l i f i e r .
A p a n e l  mounted r e s i s t o r  c o n t r o l s  t h e  g a i n  o f  th e  a m p l i f i e r  i n  4 d e c i b e l  
s t e p s .
The model 13 a m p l i f i e r  was o r i g i n a l l y  in te n d e d  f o r  u s e  i n  a  P e r k in -  
Elmer Model 13 R a t io  R ec o rd in g  I n f r a r e d  S p e c t ro p h o to m e te r .  S in c e  i n  I t s  
o r i g i n a l  c a p a c i t y  th e  a m p l i f i e r  was u s e d  t o  compare and a m p l i fy  two 
i n p u t s ,  s e v e r a l  m o d i f i c a t i o n s  w ere r e q u i r e d  so t h a t  t h e  a m p l i f i e r  would 
work s a t i s f a c t o r i l y  i n  t h i s  a p p l i c a t i o n .  The f i r s t  m o d i f i c a t i o n  con­
s i s t e d  o f  t a k i n g  th e  t e s t  o u tp u t  from  t h e  a m p l i f i e r  c i r c u i t  and c o n n e c t in g  
i t  d i r e c t l y  t o  th e  r e c o r d e r ,  t h e r e f o r e  b y p a s s in g  th e  c o m p ar iso n  c i r c u i t s .  
S eco n d ly ,  a  s w i tc h  was i n s t a l l e d  so  t h a t  t h e  f i l t e r  c i r c u i t  c o u ld  be 
sw itch ed  b a c k  i n t o  th e  sy s tem  be tw een  t h e  o u tp u t  o f  th e  a m p l i f i e r  and 
th e  r e c o r d e r  to  c o n t r o l  th e  r e s p o n s e .  A no ther  m o d i f i c a t i o n  w hich  was 
r e q u i r e d  b e c a u s e  o f  th e  f i r s t  m o d i f i c a t i o n  was to  p u t  a  v a r i a b l e  r e s i s t o r  
i n t o  th e  s t a n d a r d  c e l l  c i r c u i t  o f  th e  a m p l i f i e r  w hich c o n t r o l l e d  th e
range  and c a l i b r a t i o n  o f  th e  r e c o r d e r .  T h is  c o n t r o l  was th e n  used to
c a l i b r a t e  the  r e c o r d e r .  The d i g i t a l  m u lt im e te r  was used as  the  s tan d a rd  
*
in  t h i s  c a l i b r a t i o n .
The a m p l i f ie d  s i g n a l  was re c o rd e d  by a  m odif ied  Leeds and N orthrup 
Speedomax type  G r e c o r d e r .  The m o d if ic a t io n  inc luded  removing th e  
s tan d a rd  c e l l  c i r c u i t  from th e  r e c o r d e r  and p la c in g  i t  i n  th e  a m p l i f i e r  
and p ro v id in g  i n t e r n a l  c o n n e c t io n s  t o  th e  r e c o r d e r  s l i d e w i r e .  A 
s ta n d a rd  450 ohm r e s i s t a n c e  s l id e w i r e  was used and th e  o r i g i n a l  a m p l i f i e r  
and damping c i r c u i t s  were r e t a i n e d .  A Fluke d i g i t a l  m u lt im e te r  (Model 
8000A) was a l s o  connec ted  p a r a l l e l  w ith  th e  r e c o r d e r  so t h a t  a  d i g i t a l  
re a d o u t  was a v a i l a b l e .
Power was s u p p l ie d  to  th e  system  by a S ea rs  5000 w a t t  p o r t a b le  
a l t e r n a t o r  d u r in g  f i e l d  u se .  The a l t e r n a t o r  i s  powered by a  12 h o rse ­
power g a s o l in e  e n g in e .  The a l t e r n a t o r  w i l l  produce up to  4 3 .5  amps a t  
a v o l ta g e  l e v e l  o f  115 v o l t s ,  60 c y c l e s .  The power produced by the  
a l t e r n a t o r  i s  r e g u la te d  by a Sorenson A. C. V o ltag e  R e g u la to r ,  Model 
No. 1000S. The r e g u l a t o r  r e q u i r e s  an in p u t  v o l ta g e  ran g e  o f  95-130 
v o l t s  and has an a d ju s t a b l e  o u tp u t  range o f  110-120 v o l t s .  The 
r e g u l a t i o n  accu racy  a g a i n s t  bo th  l i n e  and load  changes i s  * 0 .1  p e rc e n t  
a t  nom inal f req u en cy . The in p u t  c u r r e n t  a t  f u l l  load i s  13.5 amps a t  
115 v o l t  i n p u t .  An RCA WV-120A power l i n e  m onitor i s  used to  check 
th e  r e g u l a t o r  o u tp u t .
A P erk in -E lm er Model 012-0455 c o n t r o l  u n i t  i s  used t o  c o n t r o l  
the  power d i s t r i b u t i o n  to  the  v a r io u s  u n i t s  o f  th e  r a d io m e te r .  The 
w aveleng th  o u tp u t  o f  th e  monochromator i s  c o n t r o l l e d  by a  w avelength  
m icrom eter drum coupled  to  th e  L i t t r o w  m ir ro r  and to  a  w aveleng th  
d r iv e  mechanism. The w avelength  d r iv e  i s  c o n t r o l l e d  by th e  c o n t r o l  
u n i t  and can  be o p e ra ted  manually  o r  a t  any one o f  th r e e  f ix e d  speeds .
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The c o n t r o l  u n i t  a l s o  c o n t r o l s  a  m echanical r e c t i f i e r  and chopper 
assembly housed i n  th e  monochromator.
Most o f  th e  e l e c t r o n i c s  equipment was mounted in  a  19 inch  ra c k  
so t h a t  i t  cou ld  be e a s i l y  moved and mounted on a  t r u c k .  A photograph  
o f  th e  mounted equipm ent i s  shown i n  F ig u re  IV -7.
M echanical D esign
T here  were a number o f  m echanical i tem s which were designed  and 
b u i l t  f o r  th e  e x p e r im en t .  The l a r g e s t  o f  th e s e  item s was th e  mounting 
p la t fo rm  fo r  th e  o p t i c a l  t r a i n  o f  th e  ra d io m e to r .  The p la t fo rm  was 
re q u i r e d  to  have t h r e e  d eg rees  o f  freedom. A pho tograph  o f  the  
r e s u l t i n g  d e s ig n  i s  shown in  F ig u re  IV -8. The m a jo r i ty  o f  th e  w eigh t 
o f  th e  p la t f o r m  i s  in  th e  b a se  which i s  made o f  two o n e - h a l f  inch  
aluminum p l a t e s .  The two p l a t e s  a re  a t t a c h e d  by a  c e n te r  p in  and 
b e a r in g .  T e f lo n  r i n g s  a t ta c h e d  to  each p l a t e  a l lo w  th e  top  p l a t e  to  
be r o t a t e d .  The p la t fo rm  i t s e l f  was mounted on a 1 inch  by 1 inch  s t e e l  
ba r  which was mounted on b e a r in g s .  The p la t fo rm  z e n i t h  p o s i t i o n  was 
f ix e d  by u se  o f  a s l i d i n g  arm and wing n u t  a rrangem en t.  The e n t i r e  
assem bly was d e s ig n e d  to  be e a s i l y  b roken  down in to  t h f e e  p a r t s  which 
cou ld  be c a r r i e d  by two men and reassem bled  on a  t r u c k  bed . This  
d e s ig n  a llow ed  th e  e n t i r e  o p t i c a l  t r a i n  to  be assem bled , a l ig n e d  and 
checked o u t  in  th e  l a b o r a to r y  w h ile  a t ta c h e d  to  th e  p la t fo rm .  Then 
th e  mounting p la t fo rm  could  be d isassem b led  w h i le  s t i l l  le av in g  th e  
o p t i c a l  t r a i n  i n t a c t .
The mounting p la t fo rm  in c lu d e d  lo c k in g  d e v ic e s  fo r_ h o ld in g  th e  
t e le s c o p e  and o p t i c a l  t r a i n  in  any p o s i t i o n  d e s i r e d .  The d e s ig n  a l s o  
in c lu d ed  a  method fo r  o b ta in in g  f i n e  a d ju s tm e n ts .
Other m echanica l h o ld e r s  and d e v ic e s  were a l s o  b u i l t  f o r  th e
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ra d io m e te r .  These in c lu d ed  th e  mounting arms f o r  th e  te le s c o p e  and 
covers  made o f  aluminum sh e e t  used  t o  make a  l i g h t  t i g h t  a r e a  between 
th e  t e le s c o p e  and th e  monochromator. H olders  and b ra c e s  were a l s o  
designed  and b u i l t  f o r  the  m ir ro r s  used t o  r e f l e c t  and focus th e  
energy between th e  te le s c o p e  and th e  monochromator. A photograph  
showing th e  h o ld e rs  and p a r t  o f  th e  c o v e r ,  i s  g iv e n  in  F ig u re  IV -9,
Another item  which was des ig n ed  and b u i l t  e x c lu s iv e ly  f o r  t h i s  
experim ent was the  secondary  m ir ro r  mount fo r  th e  C e le s t ro n  8 t e l e ­
scope. O r d in a r i l y ,  th e  secondary  m ir ro r  i s  h e ld  in  p la c e  by a 
c o r r e c t o r  le n s  t h a t  i s  made o f  crown g l a s s .  I n  o rd e r  t o  make measure­
ments in  th e  i n f r a r e d  r e g io n ,  th e  c o r r e c t o r  le n s  had t o  be removed. 
T h e re fo re  th e  new mounting system  shown in  F ig u re  IV -3 was b u i ld  and 
i n s t a l l e d .  S l i g h t l y ,  b e t t e r  l i g h t  g a th e r in g  a b i l i t y  cou ld  have been 
ach ieved  had th re e  arms been used i n  th e  d e s ig n  in s te a d  o f  fo u r  as 
seen . The secondary  m ir ro r  i s  a t t a c h e d  by a  s i n g l e  screw i n  th e  middle 
o f  th e  mount. The t h r e e  a d d i t i o n a l  screws seen  a re  n o t  connec ted  to  
the  m ir ro r  bu t a re  used  to  p o s i t i o n  th e  m ir ro r  and thus  c o l l im a te  the  
te le s c o p e  o p t i c s .
C a l i b r a t i o n  o f  Monochromator
The monochromator had to  be c a l i b r a t e d  in  o rd e r  to  o b ta in  th e  
w avelength  o f  energy  b e in g  t r a n s m i t t e d  v e rsu s  th e  p o s i t i o n  o f  th e  
m icrom eter drum which c o n t r o l l e d  th e  an g le  o f  th e  L i t t ro w  m ir r o r .
S ince two d i f f e r e n t  p r ism s  were a v a i l a b l e  to  be used in  th e  system , two 
c a l i b r a t i o n  cu rves  were d e te rm in ed . The f i n a l  r e s u l t s  a re  g iv en  in  
F igu re  IV -10.
The f i r s t  c a l i b r a t i o n  was made fo r  the  NaCl p r ism . The NaCl p rism
FIGURE IV -9 .  P h o to g rap h  o f  M i r r o r  H o ld a ra  and C overa
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was mounted in  th e  monochromator and a  mercury c a l i b r a t i o n  lamp was s e t  
up so t h a t  i t s  o u tp u t  was focused  on th e  e n t ra n c e  s l i t  to  th e  mono­
ch rom ato r .  An approx im ate  c a l i b r a t i o n  curve  was a v a i l a b l e  from the
monochromator m a n u fa c tu re r .  T h is  cu rve  i n d ic a te d  th e  m ercury lamp 
o
s p e c t r a  o f  5461A shou ld  be o b ta in e d  a t  the  monochromator o u tp u t  when th e  
drum m icrom eter r e a d in g  was 2 0 .0 .  An a d ju s tm en t screw on th e  L i t t ro w  
m ir ro r  was a d ju s te d  so t h a t  t h i s  c o n d i t io n  was o b ta in e d .  The L i t t ro w  
m ir ro r  a d ju s tm en t screw was th e n  marked so t h a t  th e  m ir ro r  co u ld  be r e ­
tu rn e d  t o  t h i s  c o n d i t i o n  a t  any tim e w ith o u t  r e - c a l i b r a t i o n .
A glowbar lamp was th e n  s e t  up in  p la c e  o f  th e  m ercury vapor lamp 
and an uncooled  therm ocouple  d e t e c t o r  was p la c e d  a t  th e  o u tp u t  o f  the  
monochromator and connec ted  up to  th e  a m p l i f i e r  and d i g i t a l  v o l tm e te r .
A w aveleng th  f i l t e r  c a l i b r a t o r  was th e n  p la ce d  a t  the  e n t r a n c e  to  the  
monochromator. The f i l t e r  was o r i g i n a l l y  made f o r  use w i th  a  Beckman 
i n f r a r e d  sp ec tro p h o to m ete r  fo r  c a l i b r a t i o n  p u rp o s e s .  E ig h t  p o in t s  
were a v a i l a b l e  in  t h e  i n f r a r e d  r e g io n  w i th  th e  f i l t e r  where th e  
t r a n s m i s s i v i t y  of th e  f i l t e r  had d e f i n i t e  known v a lu e s  t h a t  were easy  
to  d i s t i n g u i s h .  These p o in t s  were th e n  found w i th  th e  system  as  de­
s c r ib e d  and th e  drum s e t t i n g  a t  each  p o in t  r e c o rd e d .  These p o in t s  
were th e n  p l o t t e d  a s  shown in  F ig u re  IV -10. The approxim ate  c a l i b r a t i o n  
cu rve  o b ta in e d  from th e  monochromator o p e r a t o r ' s  manual was th e n  f i t t e d  to  
th e  c a l i b r a t i o n  d a t a  p o in t s  to  o b t a in  th e  cu rv e  shown.
C a l i b r a t i o n  o f  th e  fused s i l i c a  p rism  was made in  a  s i m i l a r  manner. 
The mercury lamp was s e t  up , and th e  L i t t ro w  m ir ro r  was a d ju s t e d  so
t h a t  th e  m icrom eter drum r e a d in g  matched th e  approxim ate  c a l i b r a t i o n  
o
cu rve  a t  5461A. Only one o th e r  c a l i b r a t i o n  p o in t  was th e n  o b ta in e d
o
by u s in g  a  helium  neon l a s e r  which produced l i g h t  a t  6328A. Another
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p o in t  was p l o t t e d  by u s in g  a tu n g s te n  lamp as  a  so u rce  and a  1P28 
p h o to m u l t i p l i e r  tube  w i th  a S-5 re sp o n se  as  a  d e t e c t o r  a t  th e  o u tp u t  o f
th e  monochromator. The S-5 curve  has a  c u t o f f  p o in t  a t  ap p ro x im a te ly
o
6800A. The drum was th e n  r o t a t e d  u n t i l  t h i s  p o in t  was found and the  
r e a d in g  rec o rd ed  and p l o t t e d  as shown i n  F ig u re  IV -10. T h is  t h i r d  
p o in t  can  on ly  be c o n s id e re d  as approx im ate  and t h e r e f o r e  was n o t  
c o n s id e re d  to  be a  r e l i a b l e  c a l i b r a t i o n  p o i n t .  The approxim ate  
c a l i b r a t i o n  cu rve  from th e  o p e r a t o r ' s  manual was th e n  f i t t e d  to  th e  
d a ta  as  shown.
In  o rd e r  to  com plete  th e  c a l i b r a t i o n ,  th e  bandwidths o f  th e  energy  
e x i t i n g  from th e  monochromator v e r s u s  th e  median w aveleng th  were 
c a l c u l a t e d .  The r e s u l t s  o f  th e s e  c a l c u l a t i o n s  based  on m a n u fa c tu r e r 's  
d a ta  a re  g iv e n  i n  T ab le s  IV -1 and IV-2 f o r  th e  two p r ism s .  The band­
w id th s  shown a re  based on an e x i t  s l i t  w id th  o f  2 m i l l i m e t e r s .  Un­
f o r t u n a t e l y  w ith  the  Model 99 monochromator u se d ,  th e  e n t ra n c e  and e x i t  
s l i t s  were connected  to  th e  same a d ju s tm e n t .  T h e re fo re ,  s in c e  i t  was 
r e q u i r e d  to  keep th e  e n t r a n c e  s l i t  a t  a  maximum v a lu e  o f  2 m i l l im e te r s  
i n  o rd e r  to  have as  l a r g e  a f i e l d  o f  view  w ith  th e  ra d io m e te r  as  
p o s s i b l e ,  th e  e x i t  s l i t  was a l s o  r e q u i r e d  to  be a t  2 m i l l i m e t e r s .  The 
i n t e r n a l  d e s ig n  o f  th e  monochromator th e n  r e s u l t e d  in  th e  v a r i a t i o n s  
in  th e  bandw idths f o r  d i f f e r e n t  w av e len g th s .  The m a n u fa c tu r e r 's  
bandwidth cu rve  fo r  th e  NaCl p rism  had to  be e x t r a p o la t e d  i n t o  th e  
f a r  i n f r a r e d  r e g io n  in  o rd e r  to  g e t  th e  d a ta  shown in  Table  IV -2 . T h is  
d a t a  i s  shown p l o t t e d  i n  F ig u re  IV -11.
Checkout o f  S p e c tro ra d io m e te r
A f te r  th e  monochromator c a l i b r a t i o n  was com ple ted , th e  sp ec tv o -  
ra d io m e te r  system  was assem bled in  th e  l a b o r a to r y  as  shown in  F ig u re
TABLE IV-1
BANDWIDTH TABULATION FOR FUSED SILICA PRISM
o o o
Median Wavelength (A) Drum S e t t i n g AX (A) Band L im its  (A)
3000 9 .50 40 2980-3020
3500 8 .2 0 70 3465-3535
4000 7 .3 0 100 3950-4050
4500 6 .6 0 150 4425-4575
5000 6 .2 0 200 4900-5100
5500 5 .8 0 260 5370-5630
6000 5 .5 0 340 5830-6170
6500 5 .3 0 440 6280-6720
7000 5 .1 0 530 6735-7265
8000 4 .7 0 650 7675-8325
9000 4 .4 0 720 8640-9360
10000 4 .2 0 780 9610-10390
12000 3 .8 0 840 11580-12420
14000 3 .6 0 860 13570-14430
16000 3 .3 0 850 15575-16425
18000 3 .1 0 800 17600-18400
20000 3 .0 0 700 19650-20350
22000 2 .8 0 600 21700-22300
24000 2 .7 0 460 23770-24230
26000 2 .6 0 360 25820-26180
TABLE IV-2
BANDWIDTH TABULATIONS FOR NaCl PRISM
N o te :
Wavelength (M-) Drum S e t t i n g AX (y) Band L im its
2 .0 16.05 0.36 1 .8 2 -  2 .18
2 .5 15.60 0.48 2 .2 6 -  2 .74
3 .0 15.30 0.60 2 .7 0 -  3 .30
3 .5 15.00 0 .80 3 .1 5 -  3 .85
4 .0 14.65 0 .78 3 .6 1 -  4 .3 9
5 .0 13.95 0 .88 4 .5 6 -  5 .44
6 .0 13.20 0.96 5 .5 2 -  6.48
7 .0 12.40 1.02 6 .4 9 -  7.51
8 .0 11.60 1.06 7 .4 7 -  8 .53
9 .0 10.80 1.10 8 .4 5 -  9 .55
10.0 9 .50 1.12 9 .4 4 -1 0 .5 6
12.0 7 .00 1.14 11 .43-12 .57
14 .0 4 .0 0 1.16 13 .42-14 .58
16.0 1.18 15 .41-16 .59
Bandwidths and l i m i t s  above 8|i a r e  on ly  app rox im a te .
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FIGURE IV-II. BANDWIDTHS OF ENERGY VERSUS DRUM SETTING 
FOR PERKIN-ELMER MODEL 9 9  MONOCHROMATOR
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IV -12. A w h ite  ca rd b o ard  t a r g e t  was mounted on a w a l l  a t  th e  f a r  a ide  
o f  th e  la b o r a to r y .  A 150 w a t t  s p o t l i g h t  was th e n  shown on th e  t a r g e t  
and re a d in g s  were made w ith  th e  ra d io m e te r  which was lo c a te d  56 f e e t  
from th e  t a r g e t .  The p h o to m u l t i p l i e r  d e t e c to r  was used th ro u g h o u t 
th e  checkou t o f  th e  system .
The f i r s t  item  checked was th e  r e s p o n s iv e n e s s  o f  th e  s p e c t r o r a d io -  
m e te r .  The 150 w a t t  s p o t l i g h t  was f i r s t  lo c a te d  o n ly  s ix  to  e ig h t  
f e e t  from th e  t a r g e t ;  however, a q u ic k  scan  th ro u g h  th e  d e t e c t a b l e  
energy  spec trum  ( 0 .3 - 0 .6 8  m icrons) o f  th e  p h o to m u l t i p l i e r  d e t e c t o r  
showed t h a t  th e  p h o to m u l t ip l i e r  tu b e  was f lo o d in g  o u t  th ro u g h  much o f 
t h e  r e g io n .  I t  was th e n  found t h a t  th e  s p o t l i g h t  had to  be a t  l e a s t  
tw elve f e e t  from th e  t a r g e t  i f  th e  d e t e c t o r  was t o  o p e ra te  p r o p e r ly .
The in p u t  v o l ta g e  to  th e  p h o to m u l t i p l i e r  tube  was 900 v o l t s  D.C. By 
low ering  th e  in p u t  v o l t a g e ,  th e  s e n s i t i v i t y  o f  th e  system  co u ld  be 
lowered so t h a t  h ig h e r  energy  cou ld  be  d e te c te d  a c c u r a t e ly .  However, i n  
th e  v i s i b l e  r e g io n  th e  re s p o n s iv e n e s s  was such t h a t  a  f l a s h  l i g h t  sh in in g
on th e  t a r g e t  from t e n  f e e t  away co u ld  be e a s i l y  d e t e c t e d .  T h e re fo re ,
th e  o n ly  problem  w ith  th e  s e n s i t i v i t y  o f  th e  system  in  th e  v i s i b l e  
r e g io n  was f lo o d in g  th e  d e t e c to r  so t h a t  th e  o u tp u t  was not l i n e a r .
The a lignm ent o f  the  ra d io m e te r  o p t i c a l  system  was th e n  checked.
This  was done by s e t t i n g  the  system  up and then  a d j u s t i n g  th e  fo c u s in g  
m i r r o r s  u n t i l  the  h ig h e s t  va lue  f o r  i n t e n s i t y  a t  a  p a r t i c u l a r  wave­
le n g th  was o b ta in e d .  The r e s u l t s  o f  th e s e  t e s t s  showed t h a t  th e  
a l ignm en t o f  the  system  was n o t  c r i t i c a l .  That i s ,  th e  system  could  be 
a l ig n e d  by e y e s ig h t  and th e  h ig h e s t  re a d in g  fo r  th e  i n t e n s i t y  o b ta in e d .
A lso  some e r r o r  in  the  a lignm en t cou ld  be t o l e r a t e d  w i th o u t  a f f e c t i n g
the r e a d in g s .  The c a p a b i l i t y  o f  th e  system  to  w ith s ta n d  v i b r a t i o n  w ithou t
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FIGURE IV -12. Photograph o f  Assembled S p e c tro ra d io m e te r
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changing  a l ignm en t was a l s o  checked . T h is  was accom plished by shaking 
the  mounting p la t fo rm  and m ir r o r  mounts w hile  re a d in g  from th e  t a r g e t .
No v a r i a t i o n  in  th e  i n t e n s i t y  read  o r change in  th e  o p t i c a l  a lignm en t 
o f  the  system was noted  d u r in g  th e se  t e s t s .
The o p t i c a l  p o r t i o n s  o f  the  ra d io m e te r  had o r i g i n a l l y  been  focused 
v i s u a l l y .  This  fo cu s  was checked a f t e r  the  system  was completed by 
changing the focus w hile  re a d in g  the  i n t e n s i t y  from th e  t a r g e t  a t  
s e l e c te d  w av e len g th s .  I t  was found t h a t  th e  focus o b ta in e d  v i s u a l l y  
gave th e  b r i g h t e s t  r e a d in g ;  however, c o n s id e ra b le  changes in  th e  focus 
knob on the  te le sc o p e  from th e  o r i g i n a l  s e t t i n g  had l i t t l e  o r  no e f f e c t  
on the  i n t e n s i t y  r e a d in g s .
The f i e l d  o f  view o f th e  ra d io m e te r  was determ ined  by moving a 
p iece  o f  b la c k  cardboard  a c r o s s  a w h ite  t a r g e t  and m arking th e  p o in t s  
where th e  I n t e n s i t y  read in g  decreased  by 2 p e r c e n t .  The r e s u l t s  o f  th e s e  
t e s t s  showed th e  shape o f  the  f i e l d  of view o f  th e  in s tru m e n t  t o  be 
as  shown in  F ig u re  1V-13. At 56 f e e t ,  th e  f i e l d  o f  view had a w id th  
o f  1 .98  in ch es  and a h e ig h t  o f  4 .8 6  in c h e s .  The a n g u la r  f i e l d  o f  view 
i s  t h e r e f o r e  0 .4 0  d eg re e s  o r  24 m inutes  in  the  v e r t i c a l  d i r e c t i o n  and 
10m inu tes  i n  the  h o r i z o n t a l  d i r e c t i o n .  Table  IV-3 g iv e s  the  s i z e  o f  th e  
spo t viewed by th e  ra d io m e te r  a t  v a r io u s  d i s t a n c e s  i f  the  a r e a  viewed 
i s  p e rp e n d ic u la r  to  th e  l in e  o f  s i g h t  o f  th e  ra d io m e te r .
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FIGURE 17-13. SHAPE OF RADIOMETER FIELD OF VIEW
TABLE IV-3
FIELD OF VIEW OF SPECTRORADIMETER
i r
D is tan ce  (F ee t)  Width o f  Spot Viewed (Inch) Height o f  Spot Viewed (In ch es)
50 1.75 4 .2
100 3 .5 0 8 .4
150 5.25 12.6
200 7 .00 16.8
250 8.75 2 1 .0
300 10.50 25.2
350 12.25 29.4
400 14.00 33.6
450 15.75 37.8
500 17.50 4 2 .0
* D is tan ce  i s  o b ta in ed  by add ing  1 f o o t  to  the  le n g th  measured between the f o c a l  p lane  o f  the  
te le sc o p e  and the  t a r g e t .
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CHAPTER V 
BALLOON SYSTEM DESIGN AND TESTS
The d e s ig n  and a n a l y s i s  of the  te th e re d  b a l l o o n / r e f l e c t i n g  s u r fa c e  
system c o n s i s t e d  of t h r e e  p a r t s .  The f i r s t  p a r t  was an  i n i t i a l  d e s ig n  
s tudy made p r im a r i ly  to  de term ine  th e  f e a s i b i l i t y  o f  the  co n ce p t .  The 
second p a r t  c o n s is te d  o f  ex p e r im en ta l  t e s t s  u s in g  helium  f i l l e d  b a l lo o n s  
to  g a in  o p e r a t io n a l  e x p e r ien c e  of th e  system and to  c o l l e c t  d a ta  on 
th e  s t a b i l i t y  o f  the  r e f l e c t i n g  s u r f a c e  under a c t u a l  f l i g h t  c o n d i t io n s .  
The t h i r d  phase was th e  f i n a l  system  d e s ig n  which was made f o r  the  
b a l l o o n / r e f l e c t i n g  s u r fa c e  system used fo r  the  ta k in g  o f r e f l e c t a n c e  
read in g s .
P a r t  I .  I n i t i a l  D esign  Study
The o b je c t iv e  o f  th e  i n i t i a l  s tu d y  was to  d e s ig n  and de te rm ine  
the  f e a s i b i l i t y  o f  a method to  be used in  s t a b l i z i n g  a m i r ro r  o r  r e ­
f l e c t i n g  s u r f a c e  suspended by a t e th e r e d  b a l lo o n .  The m ir ro r  i f  p ro p e r ly  
s t a b i l i z e d  could then be used to  make remote sen s in g  re a d in g s  o f  the  
energy r e f l e c t e d  and e m it te d  from a f ix e d  p o in t  on the  e a r t h ' s  s u r f a c e .  
The i n i t i a l  d e s ig n  s p e c i f i c a t i o n s  were as  fo l lo w s :
(1) The r e f l e c t i n g  su r fa ce  was t o  be suspended a t  a l t i t u d e s  
ra n g in g  from 100 f e e t  t o  200 f e e t .
(2) V e r t i c a l ,  l a t e r a l  and a n g u la r  ex cu rs io n s  were to  be 
m in im ized .
(3) The system would o p e ra te  norm ally  in  wind speeds up 
to  20 k n o ts .
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(4) The b a l lo o n  system  could  n o t  become unanchored d u r in g  
severe  th u n d e rs to rm s .
The d e s ig n  s tu d y  was made w ith  th e  i n i t i a l  id ea  t h a t  the  e n t i r e  
system in c lu d in g  the  b a l lo o n s  would be b u i l t  a t  L o u is ian a  S ta te  U n iv e r s i ty .
i
However, i t  was q u ic k ly  found t h a t  t h i s  would be too  expensive  and time 
consuming t h e r e f o r e ,  th e  b a l lo o n s  used were o b ta in e d  from the  Robert 
F u l to n  Company. A b a l lo o n  w ith  a volume o f  1000 cu b ic  f e e t  was used 
a s  a r e f e re n c e  th roughou t the  i n i t i a l  s tu d y .
Gas f o r  F i l l i n g  B a l lo o n
The two prim ary g ases  used f o r  l i f t  in  b a l lo o n  system s a r e  hydrogen 
and he lium . Hydrogen i s  much l e s s  expensive  than  helium  a l th o u g h  th e  
c o s t  d i f f e r e n c e  i s  n o t  a m ajor d e s ig n  f a c t o r  when the  l i f t i n g  fo rc e  
and th u s  th e  b a l lo o n  volume i s  r e l a t i v e l y  s m a l l .  Hydrogen gas i s  
l i g h t e r  than  helium and th u s  p ro v id e s  more l i f t  in  th e  same volume.
However, hydrogen in  m ix tu re s  from 41 p e rc e n t  to  82 p e rc e n t  by  volume 
o f a i r  i s  ex trem ely  flammable. The s a f e t y  f a c t o r  o f  he lium  was con­
s id e red  t o  be more im p o rtan t  th a n  th e  l i f t  advan tage  of hydrogen , t h e r e ­
f o r e ,  he lium  was th e  o n ly  gas c o n s id e re d  fo r  f i l l i n g  the  b a l lo o n .
B alloon  Skin M a te r ia l
One o f the  most r e c e n t  developm ents in  the  m a t e r i a l s  used f o r  
t e th e r e d  b a l lo o n s  has  been ny lon /M ylar la m in a te .  T h is  s t r u c t u r e  has 
bo th  s t r e n g th  and low p e rm e a b i l i ty .  The e x t e r i o r  ny lon  c l o t h  p ro v id e s  
the needed s t r e n g th  w hile  th e  Mylar i n t e r  f i lm  p ro v id e s  an e f f e c t i v e  
gas b a r r i e r .  The weight o f  t h i s  lam inated  m a t e r i a l  v a r i e s  from 3.53 
to  4 .0 9  ounces pe r  square  y a rd .
B alloon  Shape
T r a d i t i o n a l l y ,  b a l lo o n  shapes can be c a te g o r iz e d  In to  th re e  
c l a s s i f i c a t i o n s :  (1) s p h e r i c a l ,  (2) n a t u r a l  o r  te a r d ro p  shape and ,
(3) aerodynamic shape . T e thered  b a l lo o n s  have o f te n  been  a s p h e r ic a l  
shape . Th is  shape g iv e s  th e  h ig h e s t  gas volume per u n i t  o f  su r fa c e  
a r e a  bu t a l s o  has a la rg e  d rag  due to  a h igh  f r o n t a l  a r e a  which would 
make a system us in g  t h i s  type o f  b a l lo o n  d i f f i c u l t  t o  s t a b i l i z e .
The te a rd ro p  shape i s  more e f f i c i e n t  from a s t r u c t u r a l  p o in t  of 
view when the  payload i s  to  be a f i n i t e ,  c o n c e n tra te d  load supported  
by the  b a l lo o n .  A lso  th e re  is  a  c o s t  advantage in  c o n s t r u c t i o n  o f  a 
s p h e r i c a l  o r  te a rd ro p  shaped b a l lo o n  a s  compared to  one w ith  an a e r o ­
dynamic shape.
The prim ary  advantage  o f  an aero d y n am ica lly  shaped b a l lo o n  i s  th a t  
i t  has b e t t e r  flow c h a r a c t e r i s t i c s .  T h is  i s  o f  m ajor im portance f o r  a 
s t a b l e  b a l lo o n  system . A lso ,  w ith  a s t re am lin ed  shape , a d d i t i o n a l  l i f t  
and added s t a b i l i t y  i s  p o s s ib le  in  th e  p resence  o f  s t r a i g h t  w inds. These 
advan tages  a lone  e l im in a te d  the  f u r t h e r  c o n s id e r a t io n s  o f  th e  o th e r  
g e n e ra l  ty p e s  of b a l lo o n  sh ap es .
Many o p t io n s  a re  s t i l l  a v a i l a b l e  under the  g e n e r a l  heading  o f  an 
aerodynamic shape . R a th er  th a n  an e l l i p t i c a l  shape a s  used t r a d i t i o n a l l y ,  
an a i r f o i l  shape was chosen f o r  more s t re a m l in e  flow and l e s s  d ra g .  A 
cambered shape was co n s id e red  s in ce  more dynamic l i f t  would be a v a i l a b l e ;  
however, th e  in c re a s e  in  drag  and com plex ity  o f  c o n s t r u c t i o n  were d i s ­
advan tages  which outweighed the  added l i f t  adv an tag e .
Since an a i r f o i l  shape was decided  upon, the  f in e n e s s  r a t i o  ( r a t i o  
o f  maximum width  to  chord l e n g th )  a l s o  had to  be s e l e c t e d .  The optimum 
f in e n e s s  r a t i o  f o r  the h u l l s  of subm arines and a i r s h i p s  i s  co n s id e red
to  be 4 .0  [5 3 ] .  The NACA 0024 sym m etrica l a i r f o i l  (F igure  V - l)  w ith  a 
c i r c u l a r  c ro s s  s e c t io n  was chosen s in ce  i t  had a  f in e n e s s  r a t i o  o f  4 .1 7 .  
As shown by the  d o t te d  l i n e  in  F ig u re  V - l ,  the  end o f th e  b a l lo o n  w i l l  
be rounded which causes  a d e c re a se  in  le n g th  o f  a p p ro x im a te ly  10 p e rc en t  
Thus the  f i n a l  f in e n e s s  r a t i o  was reduced to  a va lu e  o f  3 .7 5 .  T h is  a e ro  
dynamic shape f o r  the  b a l lo o n  reduces  th e  b a l lo o n  d rag  and p ro v id es  a 
la rg e  amount o f  dynamic l i f t  a t  r e l a t i v e l y  low a n g le s  o f  p i t c h ,  and i s  
th e r e f o r e  somewhat s e l f - s t a b i l i z i n g  a s  the  wind speed i s  in c re a s e d .
Angle o f  P i tc h
As p re v io u s ly  n o te d ,  the  b a l lo o n  must be flown a t  an an g le  of p i t c h  
so t h a t  a d d i t i o n a l  l i f t  i s  g en era ted  in  th e  p resence  o f  a wind. In  
o rd e r  to  s e l e c t  the  b e s t  an g le  o f  a t t a c k ,  th e  l i f t  and d rag  a t  v a r io u s  
p i t c h  a n g le s  was compared. As shown in  F ig u re  V-2, a t  a g iv en  ang le  
of p i t c h ,  th e  r e s u l t a n t  o f  th e  l i f t  and d rag  fo r c e s  a c t  a t  an ang le  
0  to  the  h o r i z o n t a l .  The t e n s i o n ,  T, in  th e  b a l lo o n  c a b le  i s  eq u a l  in  
va lue  and d i r e c t l y  o p p o s i te  in  d i r e c t i o n  to  th e  fo r c e s  g en e ra te d  by 
th e  b a l lo o n .
A m ajor pa ram eter  o f  im portance in  th e  s t a b i l i z a t i o n  o f  th e  system  
i s  the  s lope  of b a l lo o n  c ab le  #4 shown in  F ig u re  V-2. The g r e a t e r  the  
an g le  or, shown in  F ig u re  V-2, th e  g r e a t e r  th e  l i f t  component o f  th e  
r e s u l t a n t  fo rce  due to  winds and the  more s id e  fo r c e s  r e q u i re d  to  
make the  system u n s ta b l e .  C o n v erse ly ,  a s  a  i s  in c re a s e d ,  th e  s id e  
f o r c e s  a l s o  i n c r e a s e s .  Shown in  F ig u re  V-3 i s  a p lo t  o f  p i t c h  an g le  
v e rsu s  the  cab le  s lope  (from F o s t e r  [ 5 2 ] ) .  The cu rves  show t h a t  a t  an 
ang le  o f  p i tc h  o f  app rox im a te ly  6 d e g re e s ,  th e  s lo p e  o f  th e  c ab le  i s  
n ea r  i t s  maximum va lue  f o r  the  wind c o n d i t io n s  c o n s id e re d .  Since th e  
h ig h e s t  p o s s ib le  value  o f  9 i s  d e s i r e d  to  s t a b i l i z e  the  system , a
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p i t c h  a n g le  o f  6 d e g re e s  was s e l e c t e d  a s  th e  b e s t  a t  which to  f l y  th e  
b a l l o o n .
H o r i z t o n t a l  and V e r t i c a l  S t a b i l i z e r s
H o r i z o n ta l  and v e r t i c a l  s t a b i l i z e r s  a r e  n e c e s s a r y  t o  keep th e  nose
o f  th e  b a l l o o n  in to  th e  wind and th u s  s t a b i l i z e  i t .  V a r io u s  ty p e s  o f
s t a b i l i z e r s  have been  used  on b a l l o o n s .  However th e  m ost im p o r ta n t  
f a c t o r  in  s t a b i l i z e r  d e s ig n  i s  th e  amount o f  s t a b i l i z e r  a r e a  used and 
th e  span  o f  th e  t a i l  s u r f a c e s .  A c co rd in g  t o  H oerner [ 5 3 ] ,  p a s t  a i r ­
s h ip s  have e f f e c t i v e l y  employed s t a b i l i z e r s  o f  an  a r e a  e q u a l  t o  8 p e r c e n t  
o f  the  t o t a l  s u r f a c e  a r e a  o f  th e  b o d y . F or a  b a l l o o n  w ith  a volume o f  
1000 c u b ic  f e e t  and th e  shape  d e s c r ib e d  e a r l i e r ,  t h e  s t a b i l i z e r s  sh o u ld  
com prise  a t o t a l  s u r f a c e  a r e a  o f  50 sq u a re  f e e t  (25 square  f e e t  f o r  
th e  h o r i z o n t a l  and 25 sq u a re  f e e t  f o r  th e  v e r t i c a l  s t a b i l i z e r s ) .
U sing  th e  NACA 0024 a i r f o i l  a s  th e  b a l l o o n  shape and a volume o f
1000 c u b ic  f e e t ,  the  maximum d ia m e te r  o f  th e  b a l l o o n  would be 8 .2 5  f e e t .
T h is  r e s u l t s  in  a  c r o s s - s e c t i o n a l  d ia m e te r  o f  th e  wake fo l lo w in g  th e  
b a l lo o n  o f  3 .8  f e e t .  T h e re fo re  in  o r d e r  to  i n s u r e  t h a t  th e  m a j o r i t y  
o f  th e  t a i l  s u r f a c e  i s  o u t s i d e  t h e  wake, a span  o f  9 f e e t  i s  r e q u i r e d  
f o r  th e  s t a b i l i z e r s .  T h i s  r e s u l t e d  in  an a s p e c t  r a t i o  o f  3 .2 4  f o r  
th e  s t a b i l i z e r s .
B a l lo o n  T e th e r in g  System
A th r e e  t e t h e r  a r ra n g e m e n t  was s e l e c t e d  f o r  m ooring  th e  b a l l o o n .  
Three  t e t h e r s  i s  th e  minimum which can  be used  and s t i l l  r e s i s t  movement, 
in  any d i r e c t i o n  e x c e p t  downward. The o b j e c t i v e  o f  th e  b a l lo o n  t e t h e r i n g  
system  was to  t r y  to  m a in t a in  th e  a p ex  a s  shown in  F ig u re  V-4 a t  a 
f ix e d  p o s i t i o n .  The m i r r o r  which i s  th e  pay load  i s  a t t a c h e d  a t  th e  
a p e x .  By u s i n g  t h i s  sy s te m , movements o f  th e  b a l l o o n  i t s e l f  w i l l  n o t
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e f f e c t  th e  s t a b i l i t y  o f  th e  m i r r o r  sy s tem  e x c e p t  th ro u g h  movement o f  
th e  a p ex .
S in ce  th e  c a b le s  c an n o t  r e s i s t  co m p re ss io n ,  i t  was d e s i r a b l e  to  
have enough b a l lo o n  l i f t  so t h a t  t h e r e  would a lw ays be t e n s i o n  in  a l l  
th e  c a b le s  i n  s id ew in d s  up t o  th e  d e s ig n  c r i t e r i a  o f  30 f e e t / s e c o n d .
As long  a s  th e  t h r e e  c a b le s  a r e  k e p t  in  t e n s i o n ,  th e  apex  w i l l  n o t  move 
e x c e p t  a s  caused  by sag  and e l a s t i c i t y  o f  the  c a b l e s .
In  o r d e r  to  red u ce  th e  w eigh t o f  th e  c a b le  system  and s t i l l  p ro v id e  
s a f e t y ,  th e  t h r e e  main c a b le s  were d e s ig n e d  to  ho ld  i n  w inds o f  o n ly  
45 f e e t / s e c o n d .  S in ce  th e  sy s tem  i n  v a r i a b l e  and g u s ty  w inds  o f  45 
f e e t / s e c o n d  o r  g r e a t e r  would c o m p le te ly  lo se  i t s  s t a b i l i t y  and i t s  
u s e f u l n e s s  d e s t r o y e d ,  t h e r e  seemed l i t t l e  re a so n  to  d e s ig n  th e  c a b le s  
t o  ho ld  m o re .  However, s i n c e  w inds i n  th u n d e rs to rm s  and h u r r i c a n e s ,  o f  
w hich L o u i s i a n a  i s  f r e q u e n t l y  v i s i t e d ,  c an  become h ig h e r  th a n  45 f e e t /  
second a  f o u r t h  c a b le  made o f  n y lo n  was used i n  the  d e s ig n  a s  a  s a f e t y  
f e a t u r e .  T h i s  f o u r t h  l i n e  must be e l a s t i c  to  w i th s ta n d  j e r k s  and w ith  
a h ig h  enough s t r e n g t h  so  t h a t  th e  b a l lo o n  would be r i p e d  b e f o r e  the  
c a b le  would b r e a k .  N orm ally  t h i s  c a b le  c a r r i e s  no load  b u t  f a l l s  f r e e  
t o  th e  g round  where i t  i s  a t t a c h e d .
I n  o r d e r  to  o p t im iz e  c a b le  a r ra n g em en t  and c a b le  a n g le s  w i th  th e  
g ro u n d ,  a  co m p le te  dynamic f o r c e  a n a l y s i s  o f  th e  e n t i r e  system  must be 
made u s in g  t y p i c a l  wind p r o f i l e s .  T h is  was n o t  d one , how ever, a 
s i m p l i f i e d  a n a l y s i s  was made by F o s t e r  [5 2 ]  under a  N a t io n a l  S c ience  
F o u n d a t io n  G ra n t .  F o s t e r  found in  h i s  s tu d y  t h a t  an  e q u i l a t e r a l  t e t h e r  
sy s tem  sh o u ld  be used  w i th  one c a b le  o r i e n t e d  tow ards  th e  p r e v a i l i n g  
wind d i r e c t i o n .  T h is  le a d  c a b le  shou ld  make an  a n g le  o f  a p p ro x im a te ly  
33 d e g re e s  w i th  r e s p e c t  to  th e  g ro u n d .  The back  two c a b l e s  should  make
a n g le s  o f  ap p ro x im a te ly  47 deg rees  w ith  r e s p e c t  to  th e  ground. F o s t e r  
concluded t h a t  w ith  t h i s  type o f  arrangem ent the  w i th s ta n d a b le  s id e  
fo rce  i s  in c reased  s u b s t a n t i a l l y  over an arrangem ent where a l l  th e  
c a b le s  make th e  same ang le  w ith  the  ground. Optimum cab le  a n g le  w ith  
the  ground w i l l  depend in  a c t u a l i t y  on the  weight o f  th e  c a b le s  u sed , the  
h e ig h t  o f  the  system , the  l i f t  produced by the  b a l lo o n ,  and the  down­
ward p u l l  o f  the  m ir ro r  system .
S tr e n g th  o f  the  t e t h e r  l i n e s  were designed  based on b a l lo o n  f l i g h t  
c o n d i t io n s  c o n s i s t i n g  o f a p i tc h  ang le  of 90 d eg rees  in  winds o f  45 
f e e t / s e c o n d .  In  o rd e r  to  be c o n s e r v a t iv e ,  th e  v a lu e  o f  the  d rag  
c o e f f i c i e n t  f o r  a c i r c u l a r  c y l in d e r  in  tu r b u l e n t  c ro s s  flow was u sed .
This  d rag  c o e f f i c i e n t  was found from Hoerner [5 3 ]  t o  be 0 .5 0 . The 
t o t a l  d rag  was then  c a lc u la te d  as  fo l lo w s :
Drag = CD q s
where = 0 .5
2
q = dynamic p re s su re  = 1/2 pv 
= ( .5 ) ( .0 0 2 3 6 5 ) (45)2 
= 2 .4  l b / f t 2 
S -  p ro je c te d  p r o f i l e  a re a  
= 182 f t 2
Drag = (0 .5 )  2 .4 )  (182)
= 218.4  lb s .  
p = f l u i d  d e n s i ty
v ~ f l u i d  v e l o c i t y
Adding th e  b a l lo o n  l i f t  o f  57 lb s  (from F ig u re  V-5) and assuming b o th  
the  drag  and l i f t  a c t  c o l i n e a r l y  and u s in g  a f a c t o r  o f  s a f e ty  o f  1 .5 ,
th e  maximum d e s ig n  load was found t o  b e  410 l b s .  T h e r e f o r e ,  each  
c a b le  was d e s ig n e d  t o  c a r r y  t h i s  lo a d .
M ir ro r  System  D esign
The m i r r o r  system  i s  c o n n ec ted  t o  th e  apex  o f  th e  b a l l o o n  sy s tem .
Both th e  b a l l o o n  and th e  m i r r o r  sy s tem s  shou ld  be a t t a c h e d  t o  th e  apex  
w i th  s w iv e l  type  c o n n e c t io n s  to  e l i m i n a t e  any t w i s t i n g  due t o  r o t a t i o n  
o f  th e  s y s te m s .  In  o r d e r  t o  s t a b i l i z e  th e  m i r r o r ,  w hich would o t h e r ­
w ise  hang f r e e ,  i t  i s  n e c e s s a r y  to  u se  t h r e e  c a b l e s  a t t a c h e d  t o  th e  
g ro u n d . These  c a b le s  e l i m i n a t e  th e  e f f e c t s  o f  any wind lo a d s  on th e  
m i r r o r  and a r e  used t o  p o s i t i o n  th e  m i r r o r .  These c a b le s  were o r i e n t e d  
in  th e  same manner a s  th e  b a l l o o n  c a b l e s  f o r  th e  t e s t s  made. Only l i g h t  
t e n s i o n  i s  n e c e s s a r y  i n  th e  m i r r o r  c a b l e s .  T e s t s  were made t o  d e te rm in e  
th e  b e s t  r e l a t i o n s h i p  b e tw een  t e n s i o n  in  th e  m i r r o r  c a b l e s  and th e  b a l l o o n  
c a b le s  f o r  th e  most s t a b l e  c o n f i g u r a t i o n .  The m i r r o r  c a b l e s  sh o u ld  be 
a s  l i g h t  w e ig h t  a s  p o s s i b l e .  The maximum d e s ig n  lo a d in g  o f  th e s e  
c a b l e s  was c a l c u l a t e d  t o  be  13 pounds. However, In  d e s ig n in g  th e  
m i r r o r  sy s te m , i t  was found from th e  t e s t s  made t h a t  c a r e  m ust be  t a k e n  
to  i n s u r e  t h a t  i f  th e  b a l l o o n  e s c a p e s ,  t h a t  th e  m i r r o r  sy s tem  w i l l  
b re a k  o f f .  T h e r e f o r e ,  i t  i s  s u g g e s te d  t h a t  th e  m i r r o r  c a b l e s  be 
c a p a b le  o f  h o ld in g  a t  l e a s t  100 pounds o f  t e n s i o n  and t h a t  th e  c o n n e c t io n  
betw een t h e  m i r r o r  and th e  b a l lo o n  b r e a k  a t  50 pounds o f  t e n s i o n  o r  
l e s s .
I f  c a b l e s  which can  bend a r e  used  b e tw een  th e  b a l l o o n ' s  apex  and 
th e  r e f l e c t i n g  s u r f a c e  sy s tem , th e n  th e  m i r r o r  sy s tem  can  be a n a ly z e d  
in  th e  same manner a s  th e  b a l lo o n  sy s te m . That i s  t h e  m i r r o r  i s  h e ld  
in  t e n s i o n  by th re e  c a b le s  a t t a c h e d  t o  th e  ground and by  an  upward f o r c e .
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Side f o r c e s  which can on ly  come from movement o f  the  b a l lo o n  apex would 
have to  be g r e a t  enough to  make one o f  the  m ir ro r  c a b le s  go limp in  
o rd e r  f o r  the  m i r r o r  to  move. Angular ex cu rs io n s  o f  the  m i r r o r  can come 
o n ly  from v a ry ing  wind lo ad s  on the  m i r r o r  and movement o f  the  apex .
Again i f  the  c a b le s  were t o t a l l y  i n e l a s t i c ,  the  m i r r o r  could be perm anently  
f ix ed  w ith  no l a t e r a l  o r  a n g u la r  movement a s  long a s  th e re  were t e n s io n  
in  a l l  th r e e  m ir ro r  c a b le s .
B al lo o n  F orces
Forces  produced by a he lium  b a l lo o n  on the  apex r e s u l t  from the  
s t a t i c  l i f t  o f  the  b a l lo o n ,  dynamic l i f t  and d rag  due to  the  wind 
blow ing around the  b a l lo o n ,  and the  w e igh t o f  the  b a l lo o n  sk in  and 
r ig g i n g .  S t a t i c  l i f t  can be found by:
L i f t  = ( p a i r  - p helium ) Vgas
where p = d e n s i t y
V = volume o f l i f t i n g  gas 
Using th e  d e n s i t i e s  o f  AROC a i r  a t  1 a tm osphere and 95 p e rc en t  pure 
he lium  a t  1 a tm osphere , c a l c u l a t i o n s  o f  s t a t i c  l i f t  were made f o r  
tem p e ra tu re s  o f  60 d eg rees  and 100 d eg re e s  and a r e  g iven  in  F ig u re  V-5 
[ 5 2 ] .
The s t a b i l i t y  o f  a t e th e r e d  b a l lo o n  system i s  t o t a l l y  dependent 
on the  aerodynamic c h a r a c t e r i s t i c s  o f  th e  b a l lo o n  and how th ey  a f f e c t  
the  dynamic l i f t  and d ra g .  For a sym m etrical shape l i k e  the  NACA.
0024 a i r f o i l ,  th e  p re s su re  d i s t r i b u t i o n  i s  a l s o  sym m etrica l when th e  
b a l lo o n  i s  f l y in g  a t  a z e ro  ang le  o f  a t t a c k .  However, when th e  b a l lo o n  
i s  f l y i n g  nose up a t  an a n g le  o f  a t t a c k  to  the  wind d i r e c t i o n ,  the  
d i s t r i b u t i o n  of p re s su re  i s  uneven between the upper and lower s u r fa c e s  
and cau ses  a n e t  l i f t  on th e  b a l lo o n  in  an upward d i r e c t i o n .  The
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l i f t  i s  d e f in ed  a s  th e  upward fo rc e  on th e  a i r f o i l  s u r fa c e  o r b a l lo o n  
p e rp e n d ic u la r  t o  th e  wind d i r e c t i o n  caused by the  speed o f  th e  wind over 
the  s u r f a c e .  Dynamic l i f t  f o r  a b a l lo o n  based on the  d e s ig n  d esc r ib e d
and a volume o f  1000 cubic  f e e t  was c a l c u l a t e d  by F o s te r  [5 2 ]  and i s
g iven  in  F igure  V-6.
Drag i s  d e f in e d  a s  the  fo rc e  on an o b je c t  in  th e  d i r e c t i o n  of the
wind due to  th e  w ind. The drag  on th e  b a l lo o n  was a l s o  tak en  from the
stu d y  by F o s te r  [52 ]  and i s  shown in  F ig u re  V-7.
The weight o f  the  b a l lo o n  sk in  and r ig g in g  was e s t im a te d  to  be 28 
pounds. Th is  e s t im a te  i s  based  on a s u r f a c e  a rea  o f  570 square  f e e t  
w ith  a sk in  weight o f  4 ounces per y a rd .  T h e re fo re ,  the  sk in  weight 
was 16 pounds. The t a i l  w eight was assumed to  be 8 pounds. The 
a d d i t i o n a l  4 pounds was added to  acco u n t f o r  the  r i g g i n g ,  f i l l i n g  va lve  
and s t r e n g th e n in g  need a t  r ig g in g  and t a i l  a t ta c h m e n ts .  A 1200 cub ic  
fo o t  b a l lo o n  l a t e r  purchased had a  t o t a l  w eigh t of 20 pounds. However, 
the  s t a b i l i z e r s  were pneumatic and were on ly  o n e -h a l f  th e  50 square 
f e e t  a r e a  e s t im a te d  as  needed in  t h i s  s tu d y .
Table  V - l  c o n ta in s  a summation o f  the  expected  fo rc e s  a c t i n g  on a  
1000 cu b ic  fo o t b a l lo o n  system . The f i n a l  va lue  l i s t e d  o f  s id e  f o r c e /  
v e r t i c a l  t e n s io n  (SF/T^) in  the  b a l lo o n  c a b le s  i s  the  c r i t i c a l  item 
used t o  de term ine  the  f e a s i b i l i t y  o f  s t a b i l i z i n g  th e  b a l lo o n /m ir r o r  
system . These v a lu e s  can be compared to  F ig u re  V-8, which shows the  
SF/Tv needed to  b u ck le  any c ab le  and th u s  make the  system  u n s ta b l e .  
F igu re  V-8 was made from the  r e s u l t s  o f  a fo rc e  b a lan ce  made a t  the  
b a l lo o n  apex fo r  v a ry in g  b a l lo o n  f l i g h t  c o n d i t io n s  and the  cab le  
a rrangem ents  shown. The s id e  fo rc e  i s  always o p p o s i te  in  d i r e c t i o n  to  
the  wind d i r e c t i o n .
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TABLE V -l
FORCE TABLE FOR 1000 CUBIC FOOT BALLOON
Wind V e lo c i ty
B alloon  S t a t i c  L i f t  @ 80°F
B alloon  Dynamic L i f t
Gross L i f t
B al lo o n  Weight
L i f t  a t  Apex
Drag o r  S ide Force
Side F o r c e / L i f t  (SF/L)
Angle o f B alloon  Cable #4 a t  Apex 
With the  V e r t i c a l
M irro r  System Weight
T o ta l  V e r t i c a l  Force in  M irro r  C ables
T o ta l  Downward P u l l  a t  Apex Due to  
Payload
T o ta l  V e r t i c a l  Component o f  Tension 
in  B alloon  C ables - Tv
Side F o r c e /V e r t i c a l  T ension  (SF/T^)
0 f t / s e c  15 f t / s e c  31 f t / s e c
60 lb 60 lb 60 lb
0 3 lb 13 lb
60 lb  63 lb 73 lb
28 lb  28 lb 28 lb
32 lb  35 lb 45 lb
0 1.3 lb 4 .8  lb
0 .037 .107
0°  2 . 1°  6 . 1°
8 lb 8 lb 8 lb
7 lb  7 lb  7 lb
15 lb  15 lb  15 lb
17 lb 20 lb 30 lb
0 .065 .16
o
Cables 2 and 3 at 47° and cable I at 33° 
with the horizontal
All cables at 33° with the horizontal
Cable 3
.  Side 
Force
FIGURE ¥ -8 . SIDE FORCE /  T v  REQUIRED FOR BUCKUNG ANY CABLE 
VERSUS THE ANGLE OF SIDE FORCE IN THE X-Y PLANE
C onclusions
The m ajor co n c lu s io n  o f th e  i n l t a l  s tu d y  was th a t  th e  t e th e r e d  
b a l l o o n / r e f l e c t i n g  su r fa ce  system  was f e a s i b l e  and t h a t  s t a b i l i t y  o f  
th e  r e f l e c t i n g  su r fa c e  could be ach ie v e d .  However, in  o rd e r  to  assume 
s t a b i l i t y  in  winds a s  h igh  as  30 fe e t / s e c o n d  i t  i s  n e c e s sa ry  t h a t  the  
cab le  le ad in g  in to  the  wind be a t  an an g le  o f  33 d eg re e s  o r  l e s s  w ith  
r e s p e c t  to  the  ground . I t  was a l s o  no ted  th a t  the  aerodynamic 
c h a r a c t e r i s t i c s  o f  the  b a l lo o n  a re  ex tre m e ly  im portan t and t h a t  u n le s s  
the  b a l lo o n  f l i e s  as  designed  t h a t  the  system w i l l  n o t  fu n c t io n  as 
r e q u i r e d .
One o f the  f a c t o r s  n o t  c o n s id e re d  in  th e  s tu d y  was sag  and 
e l a s t i c i t y  o f  the  c a b le s ,  however, w ith  c a b le s  a n g le s  as  low a s  33 
d eg rees  w ith  r e s p e c t  to  the  ground sag and e l a s t i c i t y  o f  the c a b le s  
cannot be ig n o re d .  As a r e s u l t  o f  th e s e  f a c t o r s  some o s c i l l a t o r y  
movement o f  the  r e f l e c t i n g  s u r fa c e  i s  expec ted  to  o c cu r .  One way to  
h e lp  t h i s  problem i s  to  in c re a s e  the  b a l lo o n  s iz e  so t h a t  the  cab le  
a n g le s  can be in c re a se d  and the system  s t i l l  be s t a b l e  in  winds up to  
30 f t / s e c .
A nother f a c t o r  not co n s id e red  i n  th e  I n i t i a l  s tu d y  was wind 
tu r b u le n c e .  Since th e  system was designed  on ly  f o r  low a l t i t u d e  f l i g h t ,  
the  winds w i l l  n o t be c o n s i s t e n t  in  e i t h e r  d i r e c t i o n  o r  m ag n itu d e .  
Assuming t h a t  a s t ro n g  g u s t  a c te d  a t  30 d eg re e s  to  th e  p r e v a i l in g  
winds in to  which the  b a l lo o n  was headed , a d rag  fo rc e  o f  17 pounds or 
more could  be e a s i l y  ach ieved  which would cause th e  system  to  become 
u n s t a b l e .  I t  i s  t h e r e f o r e  n e c e s sa ry  t h a t  th e  s t a b i l i z e r s  be s u f f i c i e n t  
to  r e a d i l y  d i r e c t  the  b a l lo o n  in to  the  wind.
P a r t  IX. B a lloon  System T es ta  
Since the  i n i t i a l  d e s ig n  s tu d y  had shown th a t  s t a b i l i z i n g  a  r e ­
f l e c t i n g  s u r fa c e  a t ta c h e d  to  a te th e r e d  b a l lo o n  appeared  f e a s i b l e ,  i t  
was decided  to  purchase  a b a l lo o n  to  t e s t  the  co n ce p t .  The b a l lo o n  was 
purchased s in c e  th e  c o s t  and time invo lved  in  b u i ld in g  a b a l lo o n  to  the  
s p e c i f i c a t i o n s  de term ined  e a r l i e r  appeared  p r o h i b i t i v e .  The b a l lo o n  
was o b ta in ed  from the  Robert F u l to n  Company. I t  had a  volume o f  1200 
cu b ic  f e e t .  The model number was DUED-12-1. At the  same time f iv e  
s m a l le r  b a l lo o n s  a l s o  b u i l t  by the  Robert F u l to n  Company were o b ta in e d  
as  s u rp lu s  from the  U.S. A i r  F o rc e .  The sm a l le r  b a l lo o n s  had a volume 
o f  800 cub ic  f e e t .  An a d a p te r  and qu ick  d is c o n n e c t  f o r  f i l l i n g  the  
b a l lo o n s  was a l s o  p u rch ased . Since th e  s m a l le r  b a l lo o n s  had been 
made a v a i l a b l e ,  i t  was decided  th a t  t e s t s  would f i r s t  be made w ith  the  
s m a l le r  b a l lo o n s  to  o b ta in  o p e r a t io n a l  ex p e r ien c e  and to  o b ta in  d a ta  
on th e  s t a b i l i t y  o f  the  r e f l e c t i n g  s u r f a c e .
U n fo r tu n a te ly ,  the  b a l lo o n s  o b ta in e d  d id  n o t  have th e  same 
c h a r a c t e r i s t i c s  a s  the  b a l lo o n  d e s ig n  used in  the  i n i t i a l  d e s ig n  s tu d y .  
The im portance o f  th e se  d i f f e r e n c e s  became v e ry  a p p a re n t  a s  o p e r a t i o n a l  
e x p e r ie n c e  was ga ined  w ith  the  b a l lo o n  system . The b a l lo o n s  purchased  
d i f f e r e d  in  t h a t  th ey  had a  s m a l le r  f in e n e s s  r a t i o  than  th e  b a l lo o n  
designed  in  the  i n i t i a l  s tu d y .  The s t a b i l i z e r s  a re a  was s m a l le r ,  the  
s t a b i l i z e r  span was s m a l le r ,  the  s t a b i l i z e r s  were pneumatic and no t 
r i g i d  and the  b a l lo o n s  had a h igh  leak  r a t e ,  e s p e c i a l l y  in  gu s ty  w inds .
Design o f  R igging f o r  F i r s t  B a l lo o n s  Launched
Two o f the  s m a l le r  b a l lo o n s  (800 cu b ic  f e e t )  were used f o r  th e  
f i r s t  t e s t s  o f  th e  b a l lo o n  system . D esign o f the  c a b le s  was based on 
the s t r e n g th  req u ire m e n ts  c a lc u la te d  in  th e  i n i t i a l  f e a s i b i l i t y  s tu d y .
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For a l l  the  b a l lo o n  and m i r r o r  c a b le s  a 1 x 7 s tran d ed  s t e e l  w ire  made 
by the  American Chain and Cable Company fo r  a i r c r a f t  c o n t r o l  c a b le s  was 
u sed .  The s t r a n d  d iam e te r  was 0 .0 3 8 / .0 4 0  and had a minimum b reak in g  
s t r e n g th  o f 380 pounds. The weight o f  the  c a b le  was 3 .8 5  pounds/1000 f e e t .
The cab le  was v e ry  s t i f f  and had a  tendency to  spread when b en t  o r  
wrapped around a  sharp  o b j e c t .
A f ig u r e  e i g h t  hook was b e n t  and welded and used a t  th e  apex to  
connec t the  b a l lo o n ,  c ab le s  and m ir r o r  system . The c a b le s  were looped 
a t  one end and a t ta c h e d  t o  sw ive l snaps s im i l a r  to  th o se  used f o r  dog 
l e a s e s .  The loops were made by loop ing  and tw i s t i n g  th e  w ire  a f t e r  
which i t  was wrapped w ith  s m a l le r  w ire .  The o th e r  ends o f  th e  c a b le s  
used fo r  the  b a l lo o n  were a t ta c h e d  to  hand o p e ra ted  w in ch es .  The 
winches were o r i g i n a l l y  d esigned  f o r  b o a t  t r a i l e r s .  I n  o rd e r  t o  use them 
f o r  t h i s  a p p l i c a t i o n ,  a drum 5 Inches  in  d ia m e te r  was made to  f i t  over 
th e  c e n te r  b a r  of the  w inch. A photograph  o f  th e  winch i s  g iven  in  
F ig u re  V-9. The winches were then  a t t a c h e d  t o  one and o n e -h a l f  inch 
ang le  i ro n  s t a k e s  4 f e e t  long which were d r iv e n  in to  th e  ground.
For the  m i r r o r  c a b le s ,  an g le  i r o n  s ta k e s  2 1/2 to  3 f e e t  long 
were u sed . Eye hooks were mounted on the  s t a k e s .  The m i r r o r  cab le s  
were wound on w ire  sp o o ls  and unwound as  needed . The m i r r o r  c a b le s  
were a t ta c h e d  to  the  s ta k e s  w ith  e l e c t r i c a l  w ire  clamps which could be 
moved up and down the  c a b le s .  A sp r in g  measure was connec ted  between 
the  c a b le  and the  s tak e  in  o rd e r  to  determ ine and a d j u s t  th e  te n s io n  
in  the  m ir ro r  c a b l e s .
R e s u l t s  of F i r s t  B alloon  Launchings
The f i r s t  two b a l lo o n s  were launched in  Ju n e ,  1973. Both o f  th e s e  
launches  were u n s u c c e s s fu l  s in c e  one b a l lo n  was d e s tro y ed  and the  o th e r
FIGURE V-9. Photograph o f  B alloon  Cable Wrench
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escaped  and no d a t a  on the  s t a b i l i t y  o f  th e  system  was o b ta in e d .
However, some o p e r a t io n a l  e x p e r ien c e  was g a in ed ,  and th e  c o n c lu s io n s  
made he lped  in  th e  r e d e s ig n  o f  th e  system . An accoun t o f  th e  b a l lo o n  
lau n ch in g s  i s  g iv e n  in  Appendix B.
A number o f  c o n c lu s io n s  were made from th e  f a i l u r e  o f  th e  f i r s t  
two t e s t s .  I t  was found from th e  f i r s t  t e s t  t h a t  t a k in g  a  b a l lo o n  
down was d i f f i c u l t .  From th e  second a t te m p t  i t  was seen  t h a t  le av in g  
th e  b a l lo o n  up i n  a  th u n d ers to rm  could  be d i s a s t e r o u s .  I t  was t h e r e f o r e  
concluded from th e  t e s t s  t h a t  u s in g  a  t e th e r e d  b a l l o o n / r e f l e c t i n g  
s u r f a c e  system f o r  ta k in g  rem ote sen s in g  d a ta  over a  long  p e r io d  o f  
tim e would be u n r e a l i s t i c  u n le s s  thunde rs to rm s  cou ld  be avo ided  o r a 
way could  be found to  s a f e l y  ta k e  th e  system  down d u r in g  p e r io d s  p f  bad 
w e a th e r .
Another c o n c lu s io n  was t h a t  th e  m ir ro r  r ig g in g  should  no t be l e f t  
f r e e  as done in  th e  second t e s t  and t h a t  th e  m ir ro r  system  should  be 
designed  to  b re a k  o f f  i f  th e  b a l lo o n  g e t s  f r e e .  A lso  th e  s a f e ty  l i n e  
should  be s t ro n g e r  and should  be a t ta c h e d  to  the  apex o f  th e  b a l lo o n  
system  and n o t  th e  b a l lo o n  nose s in c e  a t t a c h in g  th e  l i n e  to  th e  nose 
f o r c e s  th e  b a l lo o n  down and sidew ard  i n to  th e  wind th u s  in c re a s in g  th e  
d ra g  fo rc e  when th e  o th e r  c a b le s  b reak  o r when th e  b a l lo o n  i s  lowered 
by u s in g  th e  s a f e t y  l i n e .  A lso th e  b a l lo o n  c a b l in g  system  should be 
s t re n g th e n e d  w h ile  th e  m ir ro r  c a b l in g  system  cou ld  be l ig h te n e d  and 
weakened. The m ajor item  which appears  to  have caused th e  c a b le s  to  
f a i l  was tw i s t i n g  and lo o p ing  the  c a b le s  to  a t t a c h  th e  snaps . Th is  
g r e a t l y  reduced  th e  c a b le  b re a k in g  s t r e n g t h .  Also a d i f f e r e n t  type  o f  
w ire  should be used  to  make th e  c a b le s .
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J e r k s  o r  im pact lo a d in g  a l s o  need t o  be  c o n s id e r e d  i n  d e te r m in in g  
th e  c a b l e  d e s ig n  s t r e n g t h .  I t  was co n c lu d e d  t h a t  no a t t e m p t  sh o u ld  be  
made t o  lower th e  b a l l o o n  i f  a s to rm  i s  coming u n l e s s  t h e  b a l l o o n  c an  
be c o m p le te ly  ta k e n  down. F i n a l l y ,  i f  a d d i t i o n a l  t e s t s  w ere  t o  be 
made, w a i t  u n t i l  s e v e r a l  days  o f  good w e a th e r  c a n  be  p r e d i c t e d  and 
be r e a d y  t o  s t a r t  t a k in g  s t a b i l i t y  d a t a  a s  soon  a s  th e  b a l l o o n  i s  
la u n c h e d .
R e d e s ig n  o f  B a l lo o n /M ir ro r  System  R ig g in g
T h e re  was n o t  co m p le te  s a t i s f a c t i o n  w i th  t h e  c a b le s  u sed  i n  th e  
f i r s t  t e s t s .  S in c e  t h e s e  c a b l e s  were a l s o  b a d ly  t a n g le d  and t w i s t e d ,  
i t  was d e c id e d  to  abandon  t h e i r  u s e .  A r o l l  o f  1 x  7 s t r a n d e d  
g a lv a n iz e d  s t e e l  w i r e  1 /1 6 "  i n  d ia m e te r  was o b ta in e d  and u sed  to  make 
th e  new b a l l o o n  c a b l e s .  The ends  o f  th e  c a b l e s  w ere  lo o p ed  and b ra z e d  
t o  a t t a c h  heavy s w iv e l s  and s n a p s .  T h is  c a b l e  when t e s t e d  i n  th e  
l a b o r a t o r y  a f t e r  b e in g  t w i s t e d  o v e r  a  % in c h  b a r  was found t o  c a r r y  
410 p o u n d s .  The b r e a k  p o i n t  was a t  th e  b a r  a s  would be e x p e c te d .  The 
c a b le  had a n  a p p ro x im a te  w e ig h t  o f  0 .7  pounds p e r  100 f e e t .  These  
c a b le s  w ere  used f o r  a l l  s u b se q u e n t  t e s t s .
An 800 pound t e s t  n y lo n  ro p e  was p u rc h a se d  f o r  u se  a s  t h e  s a f e t y  
l i n e .  T h i s  s i z e  o f  ro p e  was d e c id e d  upon s in c e  i t  m atched th e  l i n e s  
used  on t h e  b a l lo o n  i t s e l f .  A lso  a \  in c h  d ia m e te r  s t e e l  r i n g  was 
used  a s  t h e  apex t o  w hich  th e  b a l l o o n ,  t h e  b a l l o o n  c a b l e s ,  t h e  s a f e t y  
l i n e s ,  and th e  m i r r o r  sy s tem  were c o n n e c te d .
For t h e  m ir ro r  sy s tem  a % in c h  aluminum p l a t e  14 in c h e s  by 18 in c h e s  
was u sed  a s  a  h o l d e r .  A 12 in c h  by 16 in ch  m i r r o r  made by a  p o l y e s t e r  
f i l m ,  vacu u m -co a ted  w i t h  aluminum, s t r e t c h e d  o v e r  a  l i g h t w e i g h t  fram e 
was a t t a c h e d  to  t h e  aluminum p l a t e .  H a l f  o f  t h e  m i r r o r  was th e n
covered  w i th  a  r u l e d  t a r g e t  fo r  u se  i n  d e te rm in in g  l a t e r a l  movements. 
S ix  eyehooks were a t ta c h e d  to  the  aluminum p l a t e .  Three  hooks were 
on th e  top  to  a t t a c h  th e  c a b le s  be tw een th e  m ir ro r  and the  apex . Three 
hooks were on th e  bottom  and were where th e  m ir ro r  c a b le s  were a t t a c h e d  
The c a b le s  betw een th e  apex and th e  m ir ro r  were connec ted  to  th e  apex 
r in g  by a  snap and sw iv e l .  A d iagram  o f  the  t e t h e r i n g  arrangem ent i s  
seen  in  F ig u re  V-10.
Number e ig h t  music w ire  was used as  th e  m ir ro r  c a b le s .  T h is  
w ire  was t e s t e d  in  th e  l a b o r a to r y  and found to  have a  b rea k in g  s t r e n g t h  
o f  102 pounds. The w eigh t o f  t h i s  w ire  was 1 pound fo r  1000 f e e t .  
Aluminum u t i l i t y  w ire  purchased  a t  a  l o c a l  hardware s t o r e  was used f o r  
th e  c a b le s  between the  m ir ro r  and th e  apex .
Swivel snaps were a t t a c h e d  t o  th e  m ir ro r  c a b le  by lo o p ing  th e  w ire  
tw is t in g  i t  s l i g h t l y  and th e n  hand w rapping th e  loop  w i th  sm a l le r  w ire .  
In  o rd e r  to  connec t th e  o th e r  end o f  th e  w ire  to  s t a k e s ,  two aluminum 
p la te s  w i th  fo u r  screws and a la rg e  h o le  were u sed .  The two p l a t e s  
cou ld  be p la c e d  over th e  w ire  and screwed t i g h t l y  to g e th e r  and th en  
th e  p l a t e  a t t a c h e d  to  th e  s ta k e  by u s in g  an S hook. T ension  in  th e  
c a b le s  cou ld  be a d ju s te d  by th e  p o s i t i o n  o f  the  p l a t e  on th e  w i re .  A 
s p r in g  s c a l e  was used t o  measure th e  t e n s i o n  in  th e  c a b le s .  With t h i s  
arrangem ent th e  s t r e n g th  o f  th e  s t e e l  w ire  was n o t  d im in ished  by th e  
c o n n e c t io n s .
Measuring Equipment
The equipment used f o r  check ing  th e  s t a b i l i t y  and pa ram ete rs  o f  
th e  b a l lo o n /m i r r o r  system a f t e r  lau n ch in g  inc luded  b i n o c u la r s ,  ta p e  
m easure, compass, wind speed and d i r e c t i o n  i n d i c a t o r ,  l a s e r ,  l a s e r
Balloon 
8 0 0  cubic feet
Cable 4
Aluminum
Plate
FIGURE 7-10. TETHERING ARRANGEMENT
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h o l d e r ,  e l e c t r i c a l  g e n e r a t o r ,  s c a l e s ,  plumb-bob and l i n e ,  l e v e l ,  
cam era ,  b a r o m e te r ,  and a t e m p e r a t u r e / r e l a t i v e  h u m id i ty  g ag e .
The b i n o c u l a r s  were  u sed  t o  v iew  t h e  l a t e r a l  movements o f  th e  
l a s e r  beam on t h e  m i r r o r  t a r g e t .  The t a p e  m easure  was u sed  f o r  l a y in g  
o f f  th e  s t a k e s  and m easu r in g  d i s t a n c e s  be tw een  th e  c e n t e r  m arker and 
th e  r e f l e c t e d  l a s e r  beam a s  w e l l  as t h e  beam movement a s  i t  impinged 
th e  g ro u n d . A compass was u sed  i n  s e t t i n g  th e  wind d i r e c t i o n  i n d i c a t o r  
and th e  c a b l e  o r i e n t a t i o n .
The wind sp eed  and d i r e c t i o n  i n d i c a t o r  was Model W121S as  made by 
th e  W e a th e r - f e a s u r e  C o r p o r a t i o n .  I t  was r e a d  p e r i o d i c a l l y  d u r in g  a l l  
t e s t s  t o  d e te r m in e  a v e rag e  wind speed  and d i r e c t i o n  a s  w e l l  a s  v a r i a t i o n  
i n  t h e s e  p a r a m e te r s .  U n f o r t u n a t e ly  t h e  i n e r t i a  i n  th e  w ind speed 
i n d i c a t o r  was su ch  t h a t  i t  d id  n o t  f u n c t i o n  w e l l  i n  d e te r m in in g  wind 
g u s t s  o r  l i g h t  b r e e z e s .
A l a s e r  was u sed  to  m easure  th e  l a t e r a l  and a n g u la r  v a r i a t i o n s  o f  
t h e  m i r r o r .  The l a s e r  was mounted v e r t i c a l l y  i n  a  box u sed  a s  a  h o l d e r .  
A to rp e d o  l e v e l  was u sed  t o  d e te r m in e  when t h e  l a s e r  was v e r t i c a l .  The 
l a s e r  was powered by a  S e a rs  5000 w a t t  g a s o l i n e  powered e l e c t r i c a l  
g e n e r a t o r  w hich  a l s o  p ro v id e d  th e  power f o r  t h e  wind sp eed  and d i r e c t i o n  
i n d i c a t o r .
I n  o rd e r  t o  t e s t  l a t e r a l  movement o f  th e  m i r r o r ,  t h e  l a s e r  was 
s e t  up d i r e c t l y  b e n e a th  t h e  t a r g e t  a t t a c h e d  to  th e  m i r r o r .  The movement 
o f  th e  l a s e r  beam on t h e  t a r g e t  c o u ld  th e n  be e a s i l y  s e e n  w i th  
b i n o c u l a r s .  I n  o r d e r  t o  t e s t  a n g u la r  m o tio n s  o f  th e  m i r r o r ,  th e  l a s e r  
was s e t  up a s  b e f o r e  e x c e p t  t h a t  th e  l a s e r  was aimed a t  t h e  m i r r o r  and 
th e  beam r e f l e c t e d  b ack  t o  t h e  g ro u n d . Movement o f  t h e  beam on th e  
ground was th e n  r e c o r d e d  and t h e  a n g u la r  v a r i a t i o n s  c a l c u l a t e d .
S pring  f i s h  s c a le s  (0 -8  pounds fo r c e )  were used to  measure and 
a d j u s t  t e n s io n  i n  t h e  m ir ro r  c a b le s .  M irro r  h e ig h t  was determ ined 
by u s in g  a  plumb-bob and l i n e  a t ta c h e d  to  th e  m ir ro r .  The plurob-bob 
could  be removed a f t e r  the  p ro p e r  h e ig h t  was a c h ie v e d .  G eneral 
a tm ospheric  c o n d i t io n s  were measured w i th  a  barom eter and a c o n t in u o u s ly  
r e c o rd in g  Foxboro t e m p e r a t u r e / r e l a t i v e  h um id ity  gauge. Photographs 
o f  th e  equipment used  i s  shown i n  F ig u re s  V - l l  and V-12.
R e s u l t s  o f  T h ird  and F our th  B a l lo o n  Launches
Two a d d i t i o n a l  800 cu b ic  f e e t  b a l lo o n s  were launched i n  March and 
A p r i l ,  1974 u s in g  th e  r e d e s ig n e d  r i g g i n g .  Both o f  t h e s e  launches  were 
f a i r l y  s u c c e s s f u l  and r e s u l t e d  in  th e  d a t a  g iv en  in  Appendix C on th e  
s t a b i l i t y  and o p e r a t io n  o f  th e  system . The t h i r d  b a l lo o n  launched 
r e s u l t e d  i n  a  s t a b i l i t y  check o f  th e  m ir ro r  i n  on ly  one c o n f ig u r a t io n ;  
w hereas , th e  t e s t s  made on th e  f o u r th  b a l lo o n /m i r r o r  system  launched 
r e s u l t e d  i n  s t a b i l i t y  d a ta  w i th  s e v e r a l  pa ram ete rs  v a r i e d .  The 
p ro ced u re  used f o r  lau n ch in g  th e  b a l lo o n s  and a log  o f  th e  f l i g h t s  i s  
g iv en  i n  Appendix B. A photograph  o f  th e  b a l lo o n  i n  f l i g h t  i s  g iv en  
in  F ig u re  V-13.
S e v e ra l  c o n c lu s io n s  were made based on the t h i r d  b a l lo o n  t e s t e d  
and th e  subsequen t a n a l y s i s .  Most im p o r ta n t ly  i t  was found t h a t  as 
long as t e n s io n  was m a in ta in ed  i n  th e  b a l lo o n  c a b le s  t h e r e  was l i t t l e  
o r  no l a t e r a l  movement o f  th e  m ir ro r .  A lso  th e  an g u la r  movements o f  
th e  m ir ro r  were n o t  sev e re  b u t  would r e q u i r e  a t e s t  a r e a  o f  c o n s i s t e n t  
c o m p o s i t io n  la rg e  enough t h a t  th e  ra d io m e te r  re a d in g  r e f l e c t i o n s  from 
th e  m ir ro r  would see  in s id e  th e  t e s t  a r e a  a t  a l l  t im e s .  T h e re fo re ,  i t  
appeared  from th iB  t e s t  t h a t  th e  s t a b i l i t y  o f  th e  system  was such t h a t  
th e  id e a  o f  t a k in g  r e f l e c t a n c e  re a d in g s  from a  r e f l e c t i n g  s u r fa c e  h e ld
FIGURE V - l l .  Photograph o f  Gas G en era to r
Torpedo Level
Laser Box
FIGURE V-12. Photograph o f L aser
FIGURE V -13. P h o to g rap h  o f  B a l lo o n /M i r r o r  in  F l i g h t
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a l o f t  by a  b a l lo o n  was f e a s i b l e  b u t  d i f f i c u l t .  I t  was p a r t i c u l a r l y  
encourag ing  t h a t  the  l a t e r a l  movements were so s m a l l ,  s in c e  t h i s  meant 
t h a t  th e  m ir ro r  on ly  had t o  be la r g e  enough to  accommodate th e  f i e l d  
o f  view o f  th e  r a d io m e te r .
I t  was a l s o  concluded t h a t  the  b a l lo o n  co u ld  be e a s i l y  ta k en  down 
and p u t  back up by u s in g  a  s a f e t y  l i n e  a t ta c h e d  a t  th e  apex . Also 
the  b a l lo o n  co u ld  be ta k e n  down in  th u n d e rs to rm s  o r bad w eather  by 
p u l l i n g  i t  down and e x p e l l i n g  th e  he l iu m . However, t h i s  i s  slow and 
c o s t l y .  I t  took  an hour t o  e x p e l l  th e  rem a in in g  helium  from the  
b a l lo o n  a f t e r  i t  had come down a t  th e  end o f  th e  t h i r d  t e s t  which 
means t h a t  a t  l e a s t  an hour w arning b e fo re  a  s torm  h i t s  would be r e q u i r e d  
in  o rd e r  to  ta k e  a  b a l lo o n  down and s t o r e  i t  u s in g  t h i s  method.
The f i n a l  c o n c lu s io n  reach ed  from th e  t e s t  was th e  im portance  o f  
th e  aerodynamic c h a r a c t e r i s t i c s  o f  th e  b a l lo o n .  As long as th e  b a l lo o n  
ac ted  as ana lyzed  th e  system  worked as t h e o r i z e d .  However, i f  th e  
b a l lo o n  does n o t  have th e  aerodynamic c h a r a c t e r i s t i c s  th e o r iz e d  e i t h e r  
because  o f  d e s ig n  or l o s s  o f  g a s ,  th e  system  w i l l  no t o p e ra te  
s a t i s f a c t o r i l y .
R edesign  o f  th e  r i g g i n g  fo r  th e  f o u r th  b a l lo o n  system  launched 
in c lu d ed  p u t t i n g  a  sw ive l between th e  b a l lo o n  and th e  s t e e l  r i n g  used 
as  th e  apex and re d e s ig n in g  the  m ir ro r  h o ld e r  to  make i t  a s  l i g h t  as 
p o s s i b l e .  Number four music w ire  w ith  a  l e s s e r  b re a k in g  s t r e n g t h  was 
used to  con n ec t th e  m ir ro r  to  the  apex . The d i s t a n c e  between th e  apex 
and th e  m ir ro r  was a l s o  in c re a se d  from f i v e  to  te n  f e e t .  In  a d d i t i o n ,  
a  s l i p  knot was used to  r e l e a s e  the  plumb-bob l i n e  and l e t  i t  d rop  to  
the  ground a s  soon as th e  m ir ro r  was p r o p e r ly  p o s i t io n e d .
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The m ajor d e s ig n  change made f o r  t h e  f o u r th  launch  was to  p o s i t i o n  
a l l  th e  b a l lo o n  c ab le s  a t  t h e  same a n g le  w ith  r e s p e c t  to  th e  g round .
The ang le  used  was 45 d e g re e s  s in c e  i t  gave s u f f i c i e n t  r e s i s t a n c e  to  
sag fo rc e s  from th e  b a l lo o n  w ith  a minimum o f sag .  The main r e a s o n  
f o r  p la c in g  th e  c a b le s  a t  th e  same a n g le  was t h a t  th e  wind d i r e c t i o n  
was d i f f e r e n t  each  day and alm ost never in  the  d i r e c t i o n  o f  th e  expec ted  
p r e v a i l i n g  w inds . The m i r ro r  c ab le  a n g le s  were a l s o  changed so  t h a t  
t e s t s  o f  m ir ro r  s t a b i l i t y  was o b ta in e d  w ith  m ir ro r  c a b le  an g le  (g )  o f  
60 and 70 d e g re e s .
The d a ta  c o l l e c t e d  w i th  the  f o u r th  b a l lo o n  system  launched were 
analyzed  w i th  th e  r e s u l t s  shown i n  F ig u r e s  V-14 th rough  V-22. F igu re  
V-14 shows th e  s id e  f o r c e s / v e r t i c a l  t e n s i o n  r e q u i r e d  to  b uck le  any 
one cab le  fo r  a  b a l lo o n  system  w ith  a l l  t h r e e  c a b le s  a t  f o r t y  f iv e  
d eg rees  and o r i e n t e d  l i k e  t h e  system used  fo r  th e  f o u r th  b a l lo o n .  The 
d i r e c t i o n  o f  t h e  wind f o r c e s  and subsequen t s id e  f o r c e s  a re  a l s o  shown 
on t h i s  f i g u r e .  From t h i s  f ig u r e  i t  c an  be seen  t h a t  i f  the  r a t i o  o f  
s id e  f o r c e s / v e r t i c a l  t e n s i o n  i s  g r e a t e r  th a n  0 .05  t h a t  one c a b le  w i l l  
b u ck le  and th e  system  w i l l  become u n s t a b l e .
F ig u re  V-15 shows th e  downward fo r c e  produced on th e  b a l lo o n  system 
by th e  m ir ro r  system  fo r  th e  d i f f e r e n t  v a lv e s  of t e n s i o n  in  th e  m ir ro r  
c a b le s  and d i f f e r e n t  c a b le  a n g le s .  T h is  f ig u r e  i s  based  on th e  m ir ro r  
system w eigh t o f  2 .3  pounds as  used in  t h e  fo u r th  t e s t  s e r i e s .  F ig u re  
V-16 g iv es  th e  p re d ic te d  wind speed w hich w i l l  c au se  a  s id e  f o r c e / v e r t i c a l  
t e n s io n  r a t i o  o f  0 .05 and th u s  cause c a b le  one (F ig u re  V-14) to  b u c k le .  
T h is  d a ta  was c a l c u l a t e d  by making a s e r i e s  o f  fo r c e  t a b l e s  as g iv e n  
i n  T ab le  V -l and p l o t t i n g  th e  r e s u l t i n g  d a t a  to  f in d  th e  wind speed a t  
which a s id e  f o r c e / v e r t i c a l  t e n s io n  o f  0 .0 5  i s  o b ta in e d .  Drag f o r c e s
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FIG U RE 3E -I6 . WIND SPEED  REQUIRED 
TO BUCKLE ONE BALLOON CABLE
were de term ined  based  on F ig u re  V-7. F ig u re  V-7 i s  fo r  a  l a r g e r  
b a l lo o n  b u t  a l s o  fo r  one w ith  b e t t e r  aerodynamic c h a r a c t e r i s t i c s .  The 
two e f f e c t s  a re  assumed to  c a n c e l  one a n o th e r .  Again as  seen  in  th e  
t h i r d  b a l lo o n  t e s t ,  th e  wind speed a t  which th e  b a l lo o n  system  was 
p r e d ic te d  to  become u n s ta b le  was reached  and as p re d ic te d  th e  system 
became u n s ta b l e .
F ig u re s  V-17 th rough  V-22 show th e  movement o f  th e  m ir ro r  d u r in g  
th e  t e s t s .  These cu rves  i n d i c a t e  t h a t  t e n s io n s  o f  two to  t h r e e  pounds 
o f  fo rc e  i n  th e  m ir ro r  c ab le s  gave th e  l e a s t  movement. L a t e r a l  move­
ment was sm all  and was l e a s t  fo r  th e  lower c a b le  an g le  a l th o u g h  th e  
d i f f e r e n c e  i s  i n s i g n i f i c a n t  i f  th e  m ir ro r  c a b le  t e n s io n  i s  two to  th r e e  
pounds o f  f o r c e .  Maximum a n g u la r  movement i s  seen  to  be +  1 degree to  
+ 2 d e g re e s  fo r  c a b le  t e n s io n s  o f  two to  t h r e e  pounds o f  f o r c e .  S l i g h t l y  
l e s s  a n g u la r  movement was seen  a t  th e  h ig h e r  m ir ro r  c a b le  an g le  ( p ) ,  
however i t  was n o t  enough to  be c o n s id e re d  as s i g n i f i c a n t .
A recommendation which was concluded from th e  f o u r th  b a l lo o n  
launched was t h a t  s ix  s ta k e s  f o r  th e  b a l lo o n  c a b le s  be d r iv e n  i n to  th e  
ground 60 d eg re e s  a p a r t  on a  c i r c l e  whose d ia m e te r  i s  such t h a t  th e  
c a l c u l a t e d  c a b le  an g les  w i l l  be o b ta in e d  when th e  b a l lo o n  i s  launched . 
This  w i l l  a llow  th e  winches to  be mounted on th e  th r e e  s t a k e s  which 
w i l l  always p la c e  one c a b le  w i th in  t h i r t y  d eg re e s  o f  th e  p r e v a i l i n g  w ind. 
With t h i s  arrangem ent th e  s id e  f o r c e / v e r t i c a l  t e n s io n  r e q u i r e d  to  b u c k le  
any c a b le  i s  as g iven  i n  F ig u re  V-23.
P a r t  I I I  - F in a l  System Design and C onclusions
A 1200 cub ic  fo o t  b a l lo o n  o f  the  same d e s ig n  as  th e  s m a l le r  t e s t  
b a l lo o n s  was a v a i l a b l e  fo r  use  in  making r e f l e c t a n c e  re a d in g s  w ith  th e  
r a d io m e te r .  T h e re fo re ,  a  system  was designed  based on u s in g  t h i s  b a l lo o n
LA
TE
RA
L 
M
OV
EM
EN
T 
OF
 
M
IR
RO
R,
 
In
ch
es
9 1
3 0 BALLOON CABLE ANGLES 45 '  
MIRROR CABLE ANGLES 60® 
WINDS NW 2 - 8  mph
2.5
Maximum
2 0
.5
1.0
0.5
0
50 3 42
TENSION IN MIRROR CABLES, Lbs.
FIG U RE 3E -17. LA TERA L M OVEM ENT VS. 
M IRROR CA BLE T E N SIO N , A*6 0 °
AN
GU
LA
R 
M
OV
EM
EN
T 
OF
 
M
IR
RO
R 
IN
 
AZ
IM
UT
H 
PL
A
N
E,
 
D
eg
re
es
92
't
IO
BALLOON CABLE ANGLES 4 5 °
MIRROR CABLE ANGLES 6 0 °
WINDS NW 2 - 8 mph
+ 3
tz
I
\Maximum ^\ /
\  y o
I
jA verage  
/
/
/
O X  
o o
J ______________ I----------------------1--------------------- L
1 2  3 4
T EN SIO N  IN MIRROR CABLES, Lbs.
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FIG U R E S -19. PERPENDICULAR ANGULAR MOVEMENT VS.
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FIGURE X-21. PARALLEL ANGULAR MOVEMENT VS.
MIRROR CABLE TENSION, 0*70*
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FIGURE V-23. SIDE FORCE/THRUST REQUIRED 
FOR BUCKLING ANY BALLOON CABLE 
FOR RECOMMENDED TETHERING ARRANGEMENT
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to  h o ld  a  r e f l e c t i n g  s u r f a c e  a l o f t .  The sy s tem  was d e s ig n e d  t o  re m a in  
s t a b l e  I n  w inds up t o  s e v e n te e n  m i le s  p e r  hou r ( tw e n ty  f i v e  f e e t / s e c o n d ) .  
T h is  w ind speed  on w hich  th e  d e s ig n  was baaed  was p ic k e d  s i n c e  t e s t s  
w i th  th e  s m a l l e r  b a l lo o n s  had shown t h a t  t h e  b a l l o o n  i t s e l f  d e t e r i o r a t e s  
r a p i d l y  a t  wind sp eed s  much above t e n  m i le s  p e r  h o u r .  By u s in g  seven -  
t e e n  m i le s  p e r  hou r a s  th e  d e s ig n  w ind sp e e d ,  a l lo w a n c e  i s  made f o r  
in c r e a s e d  d ra g  due to  l o s s  o f  h e l iu m  and t h e  r e s u l t i n g  change  i n  t h e  
b a l l o o n  aerodynam ic  c h a r a c t e r i s t i c s .  T h e r e f o r e ,  th e  c a b l e  sy s tem  
sh o u ld  re m a in  s t a b l e  a s  lo n g  a s  t h e  b a l l o o n  a c t s  p r o p e r l y .
T a b le  V-2 g iv e s  a  f o r c e  t a b l e  f o r  t h e  1200 c u b ic  f o o t  b a l l o o n .  The 
v e r t i c a l  f o r c e  i n  th e  m i r r o r  c a b l e s  i s  b ased  on m i r r o r  c a b l e  t e n s i o n s  
o f  t h r e e  pounds o f  f o r c e  w i th  th e  c a b l e s  a t  an  a n g le  o f  s i x t y  d e g r e e s .
The d r a g  f o r c e  i s  t a k e n  from  F ig u r e  V-7 w i th  t h i r t y  p e r  c e n t  added to  
a c c o u n t  f o r  t h e  s i z e  i n c r e a s e  and th e  b lu n te d  aerodynam ic  s h a p e .  The 
d e s ig n  c r i t e r i a  f o r  t h e  c a b l e  a r ra n g e m e n t  was b a se d  on  a  s i d e  f o r c e /  
v e r t i c a l  t e n s i o n  r a t i o  o f  0 .0 9 5 .  The m i r r o r  w e ig h t  was e s t i m a t e d  b ased  
on u s in g  a  two f o o t  by two f o o t  a lu m in iz e d  p o l y e s t e r  f i l m  s t r e t c h e d  
o v e r  a  l i g h t  w e ig h t  fram e a s  t h e  f i r s t  s u r f a c e  r e f l e c t o r .
I n  o r d e r  t o  m a i n t a i n  t h e  b a l l o o n  i n  a  s t a b l e  c o n f i g u r a t i o n  i n  
w inds up t o  tw e n ty  f i v e  f e e t / s e c o n d ,  a l l  t h e  c a b l e s  a n g le s  must be a t  
t h i r t y  f i v e  d e g re e s  and a  s i x  s t a k e  a r ra n g em en t  must be  u sed  a s  d i s c u s s e d  
i n  t h e  c o n c lu s io n s  o b ta in e d  from  th e  t h i r d  s t a b i l i t y  t e s t .  T h i s  r e s u l t s  
i n  a  d ia g ra m  o f  th e  s i d e  f o r c e / v e r t i c a l  t e n s i o n  r e q u i r e d  t o  b u c k le  th e  
sy s tem  a s  s e e n  i n  F ig u r e  V -24. The m i r r o r  c a b l e  a n g le  su g g e s te d  was 
s i x t y  d e g re e s  w i th  t h r e e  pounds o f  t e n s i o n  p u l l e d  i n  e ac h  c a b l e .  By 
u s in g  t h i s  a r ra n g em en t  t h e  sy s tem  w i l l  s u r v iv e  th e  w inds  t o  be e x p e c te d  
d u r in g  most days o f  t h e  y e a r .  The e x c e p t io n  a r e  days  when th u n d e rs to rm s
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TABLE v-2
Force  T ab le  f o r  1200 f t  B a lloon  System
Wind V e lo c i ty
B al lo o n  S t a t i c  L i f t  @ 80° 
B al lo o n  Dynamic L i f t
Gross L i f t  
B a lloon  Weight
L i f t  a t  Apex
Drag on S ide Force
S F /L i f t
M irro r  System Weight
T o ta l  V e r t i c a l  Force  in  M irro r 
Cable
0 f t / s e c  15 f t / a e c
71 lb
0
71 lb  
17 .5  lb
5 3 .5  lb
0
0
6 lb  
10 lb
71 lb
2 .3  lb
73 .3  lb  
17.5 lb
5 5 .8  lb 
1 .7  lb  
.030 
6 lb
10 lb
25 f t / s e c
71 lb  
9 .3  lb
80 .3  lb  
17.5 lb
62 .8  lb  
4 .4  lb  
.070 
6 lb
10 lb
T o t a l  Downward F u l l  a t  Apex 
Due to  Payload
T o t a l  V e r t i c a l  Component o f  
T en s io n  in  B a l lo o n
C ables  -  T
SF/T
16 lb
37 .5  lb  
0
16 lb
3 9 .8  lb 
.043
16 lb
4 6 .8  lb  
.095
FIGURE 7-24. SIDE FORCE/VERTICAL TENSION REQUIRED 
FOR BUCKLING BALLOON CABLE FOR 1200 FT3 BALLOON SYSTEM
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develop  an d /o r  a  c o ld  f r o n t  i s  p a s s in g  th rough  th e  a r e a  cau s in g  winds 
to  in c re a s e  above sev e n te en  m ile s  per hour.
Using an a l t i t u d e  o f one hundred f e e t  fo r  th e  m i r r o r ,  l a t e r a l  
movements were ex p ec ted  to  be a lm ost n e g l i g i b l e  f o r  th e  r e f l e c t i n g  
s u r f a c e .  Angular movements were exp ec ted  between one to  two d e g re e s .  
T h e re fo re ,  a c o n s i s t e n t  p lo t  o f  ground th r e e  to  four f e e t  l a r g e r  on 
each  s id e  than  th e  f i e l d  o f  view o f  th e  ra d io m e te r  was used in  making 
m easurem ents .
The c a b le s ,  w in ch es ,  s a f e ty  l i n e s ,  s t a k e s ,  e t c .  used in  th e  sm a l le r  
b a l lo o n  t e s t s  were d esigned  f o r  th e  l a r g e r  system  so t h a t  th e s e  same 
e lem en ts  were used in  the  f i n a l  b a l lo o n  system  d e s ig n .
C onclusions
S e v e ra l  c o n c lu s io n s  about th e  use  o f  a  t e th e r e d  b a l lo o n  system to  
hold  an o b je c t  s t a t i o n a r y  above th e  ground in  g e n e r a l  were made as  
w e l l  as s e v e r a l  c o n c lu s io n s  about th e  system  used in  p a r t i c u l a r .  In  
g e n e r a l ,  i t  appea rs  t h a t  an o b je c t  can be held  a l o f t  w ith  l i t t l e  o r  no 
l a t e r a l  movement by u s in g  a t e th e r e d  b a l lo o n  system as  designed  a t  
a l t i t u d e s  as h igh  as one hundred f e e t  and p o s s ib ly  as  h igh  as f i v e  
hundred f e e t .  However, an g u la r  movements o f  th e  suspended o b j e c t  w i l l  
be s i g n i f i c a n t  u s in g  th e  system as designed  e s p e c i a l l y  i f  the  o b je c t  
i s  t o  be suspended a t  an  a l t i t u d e  g r e a t e r  th a n  one hundred f e e t .
For many a p p l i c a t i o n s  th e  b ig g e s t  l i m i t a t i o n s  in  th e  use  o f  th e  
system  w i l l  be th e  i n a b i l i t y  to  make long d u r a t io n  t e s t s  o f  s e v e r a l  
weeks w ith  t h i s  system . As p r e s e n t ly  conceived  the  sy s te m 's  d u r a t io n  
i s  l im i te d  to  th e  tim e between b a l lo o n  launch and th e  tim e th a t  winds 
due to  thunders to rm s o r o th e rw ise  become h igh  enough to  make one o f  the 
c a b le s  go s la c k .  T h is  problem i s  f u r t h e r  com plica ted  by helium lo s s e s
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from the  b a l lo o n .  Also a  watch needs to  be k e p t  on th e  system  day and 
n ig h t  when i t  i s  p u t  up i n  o rd e r  to  a d j u s t  th e  system  f o r  wind ch an g es ,  
gas l o s s e s ,  and th e  p re sen c e  of th u n d e rs to rm s .
In  p a r t i c u l a r  f o r  th e  system  t e s t e d ,  l a t e r a l  movements o f  th e  
m ir ro r  were n e g l i g i b l e  and a n g u la r  movements were reduced  to  + 1 t o  2 
d eg rees  f o r  th e  m ir ro r  a t  one hundred f e e t .  S im ila r  r e s u l t s  were 
o b ta in e d  f o r  a l l  th e  t e s t s  co nducted . I t  was a l s o  seen  from th e  b a l lo o n  
t e s t s  t h a t  th e  ty p e  o f  b a l lo o n  used was n o t  v e ry  w e l l  s u i t e d  fo r  t h i s  
type  o f  a p p l i c a t i o n .  The b a l lo o n s  had l a r g e  lo s s e s  o f  he lium  e s p e c i a l l y  
a t  winds above t e n  m ile s  p e r  h ou r . The b a l lo o n  would have a l s o  worked 
b e t t e r  had i t  been c le a n e r  a e ro d y n am ic a l ly  and had l a r g e r  and r i g i d  
s t a b i l i z e r s .  The b a l lo o n  should  a l s o  have been ab le  t o  w ith s tan d  
h ig h e r  winds w ith o u t  lo s in g  i t s  shape . A nother c o n c lu s io n  made was t h a t  
a l a r g e r  b a l lo o n  w ith  more l i f t  should  have been used f o r  th e  t e s t s .
T h is  would have allow ed th e  system  to  w i th s ta n d  h ig h e r  w inds.
A number o f  s u g g e s t io n s  fo r  f u r t h e r  s tu d y  or improvements o f  the  
system  were made. I t  was concluded  t h a t  i f  th e  system were to  be 
s tu d ie d  f u r t h e r  th e  f i r s t  s t e p  should  be to  make a com plete  m athem atica l 
model o f  th e  system  and to  w r i t e  a computer program. Data o b ta in e d  
from th e  t e s t s  a l r e a d y  made can  be used  t o  check th e  program. Based on 
a t y p i c a l  wind p r o f i l e  and b a l lo o n  c h a r a c t e r i s t i c s ,  v a r io u s  e lem en ts  
o f  th e  system can  be o p tim ized . Once t h i s  i s  f i n i s h e d ,  a  new system  
cou ld  be d esigned  and t e s t e d  i f  i t  i s  seen  t h a t  s i g n i f i c a n t  improvements 
cou ld  be made in  th e  perform ance o f th e  system  as compared to  the  
b a l lo o n  system s t e s t e d  in  t h i s  s tudy .
I t  was a l s o  concluded  from the  t e s t s  made th a t  some way i s  needed 
to  ta k e  the  b a l lo o n  down q u ic k ly  and to  save the  he lium . One
p o s s i b i l i t y  m igh t be to  u s e  a  pump t o  empty th e  b a l l o o n  and t o  r e f i l l  
t h e  h e liu m  s t o r a g e  b o t t l e s .  A no ther p o s s i b i l i t y  i s  t o  have a  l a r g e  
s t o r a g e  van  o r  h a n g e r  w here t h e  b a l l o o n  c a n  be  p la c e d  f u l l y  i n f l a t e d .  
Some way to  q u i c k l y  check  th e  b a l l o o n  f o r  l e a k s  and t e a r s  i s  a l s o  
needed  so  t h a t  r e p a i r s  c an  be  made. B e t t e r  w inches  a r e  n e e d e d .  The 
w in ch es  used  i n  th e  t e s t s  had a  sm a l l  d ia m e te r  and cau sed  t h e  w ire  to  
c u r l .  T h e re fo re  when a  l i n e  w ent s l a c k  t h e  w i r e  c u r l e d  and t h e n  when 
p u l l e d  back  t i g h t  would c a u s e  a  k in k  i n  t h e  l i n e .  T h is  p ro b le m  a f f e c t e d  
b o th  t h e  s t r e n g t h  and e l a s t i c i t y  o f  th e  c a b l e s .
A n o th e r  p o s s i b i l i t y  f o r  im prov ing  th e  sy s tem  m igh t be to  use  
h y d ro g en  r a t h e r  t h a n  h e l iu m  a s  th e  l i f t i n g  g a s .  Making t h i s  s tu d y  
w ould  r e s u l t  i n  a  t r a d e  o f f  b e tw een  th e  s a f e t y  o f  h e l iu m  and t h e  c o s t ,  
l i f t  f o r  same d ra g  com ponent, and c o n t a i n a b i l i t y  o f  h y d ro g en .
A f i n a l  s u g g e s t io n  f o r  f u r t h e r  s tu d y  i s  t h e  u se  o f  a  s p r i n g  and 
damper sy s tem  as  t h e  c o n n e c t io n  be tw een  th e  b a l l o o n  apex  and  th e  p a y lo a d .  
The sy s tem  sh o u ld  be sw iv e le d  on b o th  e n d s .  The d e s ig n  p a ra m e te r s  o f  
th e  sy s tem  would have  t o  be  d e te rm in e d  from th e  com puter a n a l y s i s .
I n  c o n c lu s io n  i t  sh o u ld  be s t a t e d  t h a t  t h e  d e s ig n  p a r a m e te r s  found 
t o  be  o f  most im p o r tan c e  i n  s t a b i l i z i n g  a  m i r r o r  suspended  u n d e rn e a th  
a t e t h e r e d  b a l l o o n  a r e :
1 . The b a l l o o n  shape  must be  such t h a t  a minimum o f  d r a g  i s  
p ro d u c e d .
2 .  The b a l l o o n  s t a b i l i z e r s  must be  su ch  t h a t  th e  b a l l o o n  r e a c t s  
q u i c k ly  t o  changes  i n  wind d i r e c t i o n ,
3 .  The b a l l o o n  must have a  low le a k  r a t e  w h i le  b e in g  h e ld  f a i r l y  
s t a t i o n a r y  i n  v a r y in g  w in d s .
4 .  The m ir ro r  must be as l i g h t  weight as  p o s s ib l e .
T h is  l a s t  re q u irem en t  in d ic a te s  th e  im portance  o f  th e  u se  o f  
aluminum co a ted  mylar f i lm  as th e  f i r s t  s u r f a c e  r e f l e c t o r .
CHAPTER VI 
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The f i r s t  t e s t s  made to  d e te rm in e  th e  r e f l e c t a n c e  o f  n a t u r a l  
s u r f a c e s  were made w i th  the  s p e c t ro r a d io m e te r  d e sc r ib e d  i n  C hapter IV 
under l a b o r a to r y  c o n d i t i o n s .  R e f le c ta n c e  re a d in g s  and v a r i a t i o n s  in  
the  r e f l e c t a n c e  w i th  sou rce  an g le  were o b ta in e d  f o r  a p l o t  o f  
S a in t  A ugustine  g r a s s ,  a  p lo t  o f  b la c k  a l l u v i a l  s o i l  tak en  from the  
M is s i s s ip p i  R iver f lo o d  p l a in  and a p lo t  o f  Bermuda g r a s s .  The 
method used to  make r e f l e c t a n c e  re a d in g s  in  th e  l a b o r a to r y  was the  
same as  t h a t  used l a t e r  in  f i e l d  t e s t s .  The o n ly  e x c e p t io n s  were the  
c o n t r o l l e d  environm ent o f  the  la b o r a to r y ,  th e  use o f  photolamps as  a 
sou rce  in s t e a d  o f  th e  sun and th e  use  o f  a f o ld in g  m ir ro r  mounted 
on a  moveable p la t fo rm  in s t e a d  o f  u n d e rn ea th  a  b a l lo o n .
M athem atica l  A n a ly s is
R e f le c ta n c e  g e n e r a l l y  i s  d e f in e d  as  the  r a t i o  o f  r e f l e c t e d  energy  
to  the  o r i g i n a l  i r r a d i a t i o n  where th e  i r r a d i a t i o n  i s  th e  t o t a l  power 
in c id e n t  o r  incoming to  a  s u r fa c e  p e r  u n i t  a r e a  o f  s u r f a c e [5 5 J .  As 
m entioned in  Appendix A, r e f l e c t a n c e  i s  a f u n c t io n  o f  w aveleng th  (X ) .  
B i d i r e c t i o n a l  r e f l e c t i o n ,  a l s o  d e f in e d  in  Appendix A, i s  the  r a t i o  
o f  th e  energy  r e f l e c t e d  from a s u r f a c e  a t  a p a r t i c u l a r  a n g le  to  the  
incoming energy  to  th e  s u r fa c e  a t  some o th e r  a n g le .  In  o rd e r  to  
d e s c r ib e  th e s e  a n g u la r  q u a n t i t i e s  c o m p le te ly ,  th r e e  a n g le s  a r e  
r e q u i r e d .  They a re  the  source  z e n i t h  ang le  (Q ) ,  the  v iew ing  o r  
re a d in g  z e n i t h  ang le  (©) and the  r e l a t i v e  az im uth  an g le  ) between 
the  p lan es  d e f in e d  by th e  sou rce  and the  s u r f a c e  and th e  v iew ing  
e lem ent and the s u r f a c e .  T h e re fo re ,  b i d i r e c t i o n a l  r e f l e c t a n c e  (p ) ,  i s
a fu n c t io n  o f  w aveleng th , sou rce  z e n i t h  a n g le ,  v iew ing  z e n i th  ang le  
and r e l a t i v e  azim uth an g le  and can be w r i t t e n  p ( \ ,  £ , 9 , y ) .
I n  o rd e r  to  measure b i d i r e c t i o n a l  r e f l e c t a n c e  d i r e c t l y  in  the  
l a b o r a to r y ,  th e  d e t e c t o r  system  must be p la ce d  t o  read  th e  energy  
r e f l e c t i n g  from th e  t e s t  s u r f a c e  a t  a p a r t i c u l a r  an g le  and to  r e a d  
in  a s im i l a r  manner the  energy  incoming to  the  t e s t  s u r fa c e  a t  some 
o th e r  d e s i r e d  an g le  (see  F ig u re  V I-1 ) .  I f  the  incoming energy  i s  
d e s ig n a te d  as  and the  r e f l e c t e d  energy  as  I  u t » a**d the  a n g u la r  
and w avelength  dependences a re  in c lu d e d ,  th e  d e f i n i t i o n  f o r  b i d i r e c ­
t i o n a l  r e f l e c t a n c e  can be w r i t t e n
i- ^  » C o . ,  f »o  -  O U t  O u t  b Q U t  O U t '  ,  .p(\»0j£»Y ) j  q -  v, \  (VI-1)
i n '  i n ’n n  in
where ^o u t and * a re  measured from some r e f e r e n c e  plane and y ■
I W ' 1!C°  + *ln>  I-
There a r e  s e v e r a l  problems inv o lv ed  i f  t h i s  d e f i n i t i o n  i s  to  be
used d i r e c t l y  to  measure th e  b i d i r e c t i o n a l  r e f l e c t a n c e  o f  n a t u r a l
s u r f a c e s  under n a t u r a l  c o n d i t io n s .  One o f  th e se  problems i s  t h a t  the
s p e c t ro r a d io m e te r  must be p o s i t io n e d  so t h a t  i t  r e a d s  f i r s t  the
r e f l e c t e d  energy  and then  re a d s  the  incoming energy  in  e x a c t ly  the
same way. The second problem  i s  t h a t  in  the  n a t u r a l  environm ent
th e  incoming energy  to  be measured i s  th e  d i r e c t  s u n l ig h t  which i s
s e v e r a l  m agnitudes g r e a t e r  th an  the  ou tg o in g  energy  f o r  the  same
s o l i d  an g le  o r  d e t e c t o r  a r e a .  I t  i s  th e r e f o r e  d i f f i c u l t  t o  use
th e  same system  to  measure bo th  I .  and IJ in  ou t
Because o f  th e se  p rob lem s, th e  r e f l e c t a n c e s  measured and c a l ­
c u la t e d  in  t h i s  i n v e s t i g a t i o n  were r e l a t i v e  b i d i r e c t i o n a l  r e f l e c t a n c e s .  
That i s ,  a s i g n a l ,  S^,, was f i r s t  re co rd ed  from a t e s t  s u r fa c e  and then
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r a t i o n e d  to  a  s ta n d a rd  s i g n a l  S reco rd ed  from  a s ta n d a rd  s u r f a c es
o f  101-A10 w h ite  p a in t  (see  Appendix D). Both s ig n a l s  a re  ta k en  in
the  same manner w ith  th e  same re c o rd in g  system , s o l i d  v iew ing  a n g l e ,
w av e len g th ,  bandw idth , i r r a d i a t i o n ,  and a n g u la r  c o n d i t io n s .  I f  the
d etector  and a m p lifier  systems are lin e a r , then the recorded Blgnals
ST and S a re  p o r p o r t io n a l  to  the  i n t e n s i t y  o f  th e  e n e r g ie s  coming X s
from th e  su fa ce s  under th e  p re s c r ib e d  c o n d i t io n s .  T h e re fo re ,
ST = k *T ’ “o u t -  Gout*1 o u t ’ <VI' 2>
and
S = k I„  (X , 9 , C * „> (VI-3)s S ou t ’ o u t ’ o u t
I f  the  incoming energy  from th e  lamp sou rce  i s  k e p t  c o n s ta n t  
w h ile  bo th  measurements a re  be in g  made, then  m a th e m a tica l ly  th e  
r e l a t i v e  b i d i r e c t i o n a l  r e f l e c t a n c e ,  p, i s
* / ,  o - w\  e /c _ ^  o u t ^ * ^ o u t , ^out*^out^  / t ,_p(A.»9,£,Y) “  t  a ~ f  r  v 7 (VI-4)
1 8 S o u t U ’ Wo u t ’W * ¥o u t '
from E q u a tio n  (1)
W *  ’8o u t-  C o u f  *out> -  ^ • 9 -C’Y>I i„ < * ’9t n ’C i„ . ' l'ln> <VI‘5)
T h e r e f o r e ,
? a , e , C, » )  -     i s ------- i n  (VI_6)
Ps(x.9,e,«iln<x,8ln,Clll, v
pTa , e , c ^ )
p(X,e,C^) =  --------------  -  s /S
Ps tt»e»C»*>
(VI-7)
Since th e  s ta n d a rd  s u r f a c e  used was n e i t h e r  p e r f e c t l y  d i f f u s e  
o r  t o t a l l y  r e f l e c t i n g ,  i t  i s  n e c e s sa ry  to  c o r r e c t  th e  v a lu e s  o f  
r e l a t i v e  b i d i r e c t i o n a l  r e f l e c t a n c e  as  o b ta in e d  in  t h i s  s tu d y  in  o rd e r  
to  compare them to  s i m i l a r  s t u d i e s  made by o th e r  i n v e s t i g a t o r s .  Th is  
i s  accom plished  by m u l t ip ly in g  p by the  monochromatic h e m isp h e r ic a l  
r e f l e c t a n c e ,  p ( \ )  o f  the  s ta n d a rd  panel from F igu re  D-l and a term 
to  c o r r e c t  f o r  the  la c k  o f  d i f f u s e n e s s  o f  the  s ta n d a rd  s u r f a c e .
T ha t i s ,
p a , e , e , Y )  = c n ( \ , e , c , Y ) p q ( x )  - r -------------------  <V I - 8 >
ps tt.®.C»*>
where C^, th e  d i f f u s e n e s s  c o e f f i c i e n t ,  i s  d e f in e d  as  the  r a t i o  o f  the  
a c t u a l  energy  ou tgo ing  from th e  s tan d a rd  s u r fa c e  a t  a  p a r t i c u l a r  
a n g le  to  th e  amount o f  energy  t h a t  would be ou tg o in g  a t  t h a t  ang le  
i f  the  s u r fa c e  were p e r f e c t l y  d i f f u s e .
D if fu se  o u t L in (VI-9)
By d e f i n i t i o n  the  amount o f  energy  be ing  r e f l e c t e d  from a 
p e r f e c t l y  d i f f u s e  s u r f a c e  a t  any ang le  to  a d e t e c t o r  i s  a fu n c t io n  
o n ly  o f  the  energy  incoming to  the  s u r fa c e  as  seen in  E quation  (V I-9 ) .
An i n d i c a t i o n  o f  th e  v a lu e s  o f  CD f o r  d i f f e r e n t  so u rce  a n g le s  
can be seen  i n  Appendix D. From th e se  d a ta  i t  was d e te rm ined  th a t  
can  be assumed e q u a l  t o  one f o r  a l l  the  s tu d ie s  made in  the  
v i s i b l e  r e g io n .  However, t h i s  f a c t o r  must be accoun ted  f o r  in  
t a k in g  d a ta  to  de term ine  in fo rm a t io n  on a n g u la r  v a r i a t i o n s  o f  the  
r e f l e c t a n c e  in  o th e r  r e g io n s  o f  the  e le c t ro m a g n e t ic  spec trum .
E x p erim en ta l  A pparatus
The s e tu p  o f  th e  e x p e r im en ta l  a p p a ra tu s  used  t o  make r e f l e c t a n c e  
re a d in g s  o f  n a t u r a l  s u r f a c e s  i s  shown in  F igu re  V I-2 . The s p e c t r o -  
ra d io m e te r  was s e t  up in  one room and aimed th rough a door on to  th e  
f o ld in g  m ir ro r  lo c a te d  ap p ro x im a te ly  60 f e e t  away n ea r  a  w a l l  in  
a n o th e r  room. The f o ld in g  m i r ro r  was mounted on a  moveable p la t fo rm  
and was made by s t r e t c h i n g  a  p o ly e s t e r  f i lm  which was vacuum c o a te d  
w ith  aluminum o v e r  a l ig h tw e ig h t  cardboard  b ack in g .  The m i r r o r  was 
24 in ch es  by 24 in ch es  and was o b ta in e d  from th e  Edmund S c i e n t i f i c  
Company. The same type  o f  f i r s t  s u r f a c e  r e f l e c t o r  was l a t e r  used 
in  Che f i e l d  t e s t s .
The moveable p la t fo rm  used in  th e  la b o r a to r y  t e s t s  and l a t e r  in  
some o f  th e  f i e l d  t e s t s  i s  shown in  F igu re  V I-3 . The fo ld in g  m i r r o r  
i s  mounted on an aluminum p la t e  which can be r o t a t e d  about a  c e n te r  
a x i s  and locked  in  any p o s i t i o n  r e q u i r e d .  The p la t fo rm  i s  mounted 
on 6 inch  c a s t o r s  to  p rov ide  m o b i l i t y .  The p la t fo rm  can be ex tended  
to  any h e ig h t  between 7 and 14 f e e t .
The sp e c t ro ra d io m e te r  was s e t  up a s  d e s c r ib e d  in  C hapter IV.
The p h o to m u l t ip l i e r  tube  was used  f o r  making energy  measurements in  
th e  w aveleng th  range  o f  0 .33  to  0 .6 8  m icrons . The lead  s u l f i d e  
d e t e c t o r  was used f o r  re a d in g  from 0.68 to  3 .0  m ic ro n s .  The 
range  o f  e n e r g ie s  read  by th e  s u l f i d e  d e t e c t o r  was l im i te d  by the  
d e t e c t o r  re sp o n se .  However, th e  upper l i m i t  ( \  = 0 .33  m icrons) o f  
th e  re a d in g s  made w ith  th e  p h o to m u l t ip l i e r  tube was caused by f a c t o r s  
o th e r  than  the  tube  r e s p o n s iv e n e s s .  These f a c t o r s  in c lu d ed  a d ec rea se  
i n  the  r e f l e c t i v e  q u a l i t y  o f  the  f i r s t  su r fa c e  a lu m in ized  r e f l e c t o r ' s  
used in  the  B p ec tro rad io m ete r  and in the  fo ld in g  m ir ro r ,  a d ec rea se
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in  a v a i l a b l e  energy  from the  so u rc e  and th e  sm a l l  bandwidth o f  energy  
passed  by th e  s p e c t ro ra d io m e te r  a t  w aveleng ths  l e s s  th a n  0 .35  
m ic ro n s .
A s ta n d a rd  s u r fa c e  used as  a  comparison to  th e  r e a d in g s  made from 
th e  t e s t  s u r f a c e s  was made by p a in t in g  a 2 f e e t  by 3 f e e t  p ie ce  o f  
q u a r t e r  inch  aluminum p l a t e  w ith  N ex te l V e lv e t  C oating  101-A10 w h ite  
p a in t  m anufactu red  by th e  3M Company. The p a i n t  used t o  make the  
s ta n d a rd  s u r fa c e  was quo ted  by th e  m a n u fa c tu re r  as  h av ing  r e f l e c t a n c e  
p r o p e r t i e s  ap p roach ing  th o se  o f  a  p e r f e c t l y  d i f f u s e  s u r f a c e  in  th e  
v i s i b l e  re g io n .
The source  used i n  the  ex p er im en ts  was a  500 w a tt  photolamp w ith  
a tem p e ra tu re  r a t i n g  o f  3200 d eg re e s  K e lv in .  The bulb  was made by 
Sy lv an ia  under the  b rand  name Fhoto-ECT. The bu lb  was p la ce d  in  a 
s ta n d a rd  p h o to g rap h e rs  r e f l e c t o r  made e s p e c i a l l y  f o r  t h i s  type  o f  
b u lb .  The r e f l e c t o r  and bu lb  was mounted on a  t r i p o d  a s  seen  in  
F igure  VI-3 .
E x p erim en ta l  P rocedures
Two d i f f e r e n t  p ro ced u res  were used fo r  ta k in g  d a ta ;  however, 
th e  s e tu p  used f o r  a l l  th e  l a b o r a to r y  t e s t s  was as  shown in  F igure  V I-2 . 
For th e  f i r s t  32 t e s t  runs  a p l o t  o f  S a in t  A ugustine  g ra s s  was used 
as  the  t e s t  s u r f a c e .  For th e se  ru n s  the  so u rc e  was s e t  up a t  th e  
an g le  d e s i r e d  and re a d in g s  were f i r s t  made from th e  s ta n d a rd  s u r fa c e  
th rough  th e  w aveleng th  range o f  th e  d e t e c to r  used  in  th e  r a d io m e te r .
The s ta n d a rd  s u r f a c e  was then  removed and th e  t e s t  s u r f a c e  was pu t 
in  i t s  p la c e .  Readings were th e n  taken  from th e  t e s t  s u r f a c e  a t  the  
same w aveleng ths  and under th e  same c o n d i t io n s  and r a t l o e d  w ith  the
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re a d in g s  taken  e a r l i e r  from the  s ta n d a rd  s u r fa c e  to  g ive  th e  r e l a t i v e  
b i d i r e c t i o n a l  r e f l e c t a n c e .  The so u rc e  was th e n  p u t  a t  a n o th e r  a n g le ,  
the  t e s t  s u r f a c e  removed and re p la c e d  w ith  th e  s ta n d a rd  s u r f a c e  and 
the  p rocedure  r e p e a te d .
When th e se  d a ta  were f i r s t  c r o s s - p l o t t e d  to  g ive  the  changes in  
r e f l e c t a n c e  w ith  source  a n g le ,  s c a t t e r  was no ted  in  th e  d a t a ,  p a r t i ­
c u l a r l y  in  th e  i n f r a r e d  r e g io n .  Because o f  t h i s ,  t e s t s  were made to  
d e te rm ine  more e x a c t ly  th e  d i f f u s e  c h a r a c t e r i s t i c s  o f  th e  s tan d a rd  
s u r f a c e .  The r e s u l t s  o f  th e se  t e s t s  a re  g iven  in  Appendix D. A nother 
f a c t o r  which c o n t r ib u te d  to  the  s c a t t e r  was t h a t  the  t e s t  s u r fa c e  
o f  g ra s s  was removed and re p la c e d  a g a in  f o r  each t e s t  run  made a t  
a d i f f e r e n t  a n g le .  T h e re fo re ,  the  e x a c t  same sp o t  o f  g r a s s  was no t 
n e c e s s a r i l y  be in g  viewed f o r  each t e s t  run  made. Subsequent a n a l y s i s  
o f  the  d a ta  showed t h a t  t h i s  f a c t o r  d id  no t c o n t r ib u te  g r e a t l y  to  the  
s c a t t e r  in  th e  v i s i b l e  r e g io n .
In  o rd e r  to  e l im in a te  any so u rc es  o f  e r r o r  which m ight be 
in tro d u ced  by th e  f a c t o r s  mentioned above, a second p rocedu re  was 
a d o p ted . F i r s t ,  to  o b ta in  the  b i d i r e c t i o n a l  r e f l e c t a n c e  o f  g ra s s  and 
s o i l  sam ples , th e  t e s t  sample was p laced  in  th e  ra d io m e te r  f i e l d  of 
view and the  l i g h t  source  was p laced  a t  6 = 0 ° .  The ra d io m e te r  
viewing a n g le  (0) was 15 d e g re e s .  The t e s t  s u r f a c e  was th e n  removed 
and the  s tan d a rd  s u r f a c e  was p laced  a t  the  same d i s ta n c e  from th e  
lamp source  a s  the  t e s t  sample had b een . Readings were th e n  made a t  
s e l e c te d  w aveleng ths  w ith  the  sp e c tro ra d io m e te r  o f  the  energy  be in g  
r e f l e c t e d  from the  s ta n d a rd  s u r f a c e .  The s tan d a rd  su r fa c e  was th en  
removed and re p la ce d  w ith  the  t e s t  s u r f a c e .  Readings a t  the  same
w avelengths were then  taken  from th e  t e s t  s u r f a c e .  The re a d in g s  from 
the  t e s t  s u r fa c e  were d iv id e d  by the  re a d in g s  from the  s tan d a rd  
s u r fa c e  to  g ive  th e  r e l a t i v e  b i d i r e c t i o n a l  r e f l e c t a n c e .
A f te r  a complete w avelength  scan  had been  made in  the  range o f  
a d e t e c to r  to  de term ine  the  r e l a t i v e  b i d i r e c t i o n a l  r e f l e c t a n c e  o f  the  
t e s t  su r fa c e  a t  £ = 0 ° ,  d a ta  was o b ta in ed  to  f in d  th e  v a r i a t i o n s  in  
the  b i d i r e c t i o n a l  r e f l e c t a n c e  o f  th e  t e s t  s u r fa c e  w i th  source  a n g le .
The t e s t  s u r fa c e  was l e f t  e x a c t ly  a s  p o s i t io n e d  to  o b ta in  th e  d a ta  
a t  £ a 0 ° .  The ex ac t c e n te r  o f  th e  sp o t  b e in g  viewed w ith  the  
s p e c tro ra d lo m e te r  was th e n  found. A sm all  marker was then  p laced  a t  
t h i s  p o in t .  The l i g h t  source  was c a r e f u l l y  p laced  w ith  e x a c t ly  49 
inches  between the  c e n te r  o f  th e  a r e a  viewed and th e  l i g h t  so u rc e .  
Readings were then  made a t  s e l e c te d  w aveleng ths  o f  the energy  be in g  
r e f l e c t e d  from th e  t e s t  s u r fa c e  w ith  the  sou rce  p laced a t  d i f f e r e n t  
a n g le s .  The t e s t  s u r fa c e  was n o t  moved w h ile  th e se  t e s t  runs  were 
made. These re a d in g s  were then  compared to  r e a d in g s  t h a t  would have 
been  o b ta in ed  i f  the  t e s t  s u r fa c e  were p e r f e c t l y  d i f f u s e .  The re a d in g s  
o b ta in ed  w ith  the  source  a t  £ = 0° was tak en  as  the  s tanda rd  and the 
p e rc en t  d i f f e r e n c e s  between the  re a d in g s  a t  the  o th e r  source  an g le s  
and those  o f  a d i f f u s e  s u r fa c e  based  on the  s ta n d a rd  were o b ta in ed  
(see  Appendix E ) .  These d a ta  I n d ic a te  the v a r i a t i o n  in  th e  b i d i r e c ­
t i o n a l  r e f l e c t a n c e  o f  th e  t e s t  samples w ith  source  a n g le .
A l l  the  l a b o r a to r y  and f i e l d  t e s t s  were conducted w ith  a v iewing 
ang le  (0) o f  15 d e g re e s .  The r e l a t i v e  azim uth  an g le  (¥) between the 
rad io m e te r  and the  source  p lan es  was k ep t a t  0 o r  180 deg rees  f o r  a l l  
the  la b o r a to r y  t e s t s .  I t  would have been p r e f e r a b le  to  have a l s o  
taken  d a ta  w ith  a v iew ing an g le  o f  z e ro  d e g re e s ;  however, w ith  th e
te ch n iq u e  used t h i s  was im p o ss ib le  s in ce  the  geom etric  req u irem en ts  
would d i c t a t e  t h a t  th e  fo ld in g  m i r r o r  be much h ig h e r  than  the 
r a d io m e te r .  The fo ld in g  m ir ro r  h e ig h t  in  th e  l a b o r a to r y  was l im i t e d  
by the  h e ig h t  o f  the  c e i l i n g  so th a t  even w ith  th e  rad io m e te r  on the  
f l o o r  the  f o ld in g  m ir ro r  does no t com ple te ly  f i l l  the  rad io m ete r  
f i e l d  o f  view i f  i t  i s  a d ju s te d  to  g ive  a viewing an g le  o f  z e ro  
d eg rees  to  the  t e s t  s u r f a c e .
M irro r  T e s ts
One o f the  key item s in  th e  development and u s e f u ln e s s  o f  the  
te ch n iq u es  used in  th e se  exper im en ts  i s  a fo ld in g  m ir ro r  which i s  
l ig h tw e ig h t ,  and a f i r s t  s u r f a c e  r e f l e c t o r  and which can be 
o b ta in e d  in e x p e n s iv e ly  in  la rg e  s i z e s .  The fo ld in g  m ir ro r s  used 
were d e sc r ib e d  e a r l i e r  and a re  a v a i l a b l e  in  s i z e s  up to  4 f e e t  by 
8 f e e t ;  however, th ey  were no t o r i g i n a l l y  developed  o r  designed  f o r  
s c i e n t i f i c  p u rp o se s .  T h e re fo re ,  s e v e r a l  t e s t s  were made to  de te rm in e  
i f  t h i s  type o f  m i r r o r  could be used f o r  the  purposes  o u t l in e d .
In  o rd e r  to  t e s t  the  fo ld in g  m i r r o r s ,  the  system  was s e t  up a s  
shown in  F ig u re  V I-2 . Readings from the  s tan d a rd  s u r fa c e  were th en  
reco rd ed  on the s t r i p  c h a r t  r e c o rd e r  w h ile  the  fo ld in g  m ir ro r  was 
r o t a t e d  and moved back and f o r th  so t h a t  the  energy  read  was r e f l e c t e d  
from d i f f e r e n t  a r e a s  o f  th e  m ir ro r .  No change was reco rd ed  i n  th e  
i n t e n s i t y  o f  th e  energy  measured d u r in g  th e s e  t e s t s .  The t e s t s  were 
conducted w ith  th e  energy  b e in g  reco rd ed  in  th e  v i s i b l e  g reen  r e g io n .
A second s e r i e s  o f  t e s t s  were conducted to  see  i f  winds blowing 
on th e  m ir ro r  would a f f e c t  th e  energy r e a d in g s .  These t e s t s  were 
conducted as b e fo re  excep t t h a t  th e  m ir ro r  was f ix e d  and a fan  and a
la rg e  p ie c e  of cardboard  was used t o  s im u la te  l a r g e  g u s ty  winds 
blow ing a c ro ss  th e  m ir ro r .  Using t h i s  tech n iq u e  th e  m ir ro r  s u r fa c e  
cou ld  be seen  v i s u a l l y  to  move and v i b r a t e  s l i g h t l y ,  bu t as in  
the  o th e r  t e s t s  th e r e  was no e f f e c t  on th e  i n t e n s i t y  o f  the  energy  
r e c e iv e d  by th e  r a d io m e te r .
S tandard  S u rface  T e s ts
When the  f i r s t  t e s t  ru n s  were a n a ly s e d ,  i t  was found t h a t  the  
d a ta  fo r  th e  an g u la r  v a r i a t i o n s  were s c a t t e r e d  ex cep t  in  th e  v i s i b l e  
r e g io n .  I t  was th e o r iz e d  t h a t  t h i s  was caused by one or a com bination  
o f  s e v e r a l  f a c t o r s .  One o f  th e se  f a c t o r s  was t h a t  th e  r e s u l t s  were 
a f f e c t e d  by v a r i a t i o n s  i n  th e  d i f f u s e n e s s  o f  the  s tan d a rd  s u r fa c e  
w ith  v a r io u s  source  a n g le s .  For t h i s  re a so n  a s e r i e s  of t e s t s  were 
conducted to  de te rm in e  i f  th e  s ta n d a rd  s u r f a c e s  showed such 
c h a r a c t e r i s t i c s .
The p rocedu re  used to  t e s t  th e  s ta n d a rd  s u r fa c e  was to  s e t  up 
th e  s p e c t r o r a d io m e te r , f o ld in g  m ir ro r  and s tan d a rd  s u r fa c e  as  shown 
in  F ig u re  V I-2. The a r e a  viewed on th e  s tan d a rd  s u r fa c e  was th en  
found p r e c i s e l y  and th e  c e n te r  marked w i th  a sm all x . The sou rce  was 
th en  p la ce d  e x a c t ly  a t  a  d i s ta n c e  o f  49 inches  from th e  x to  th e  lamp 
bulb  a t  v a r io u s  sou rce  a n g le s .  A d i s t a n c e  o f  49 in ch es  was used to  
keep from s a t u r a t i n g  th e  p h o to m u l t ip l i e r  d e t e c to r  w ith  too  much energy  
and s t i l l  be c lo s e  enough to  the  s u r f a c e  to  no t i n t e r f e r  w ith  th e  l i n e  
o f  s i g h t  between th e  s p e c t ro r a d io m e te r ,  the  fo ld in g  m i r r o r ,  and the  
s tan d a rd  s u r f a c e .  The r e f l e c t e d  energy  was reco rded  a t  s e le c te d  
w aveleng ths  a t  each sou rce  a n g le .  The r e s u l t s  o f  th e s e  t e s t s  a re  
g iven  in  Appendix D. Each ru n  was r e p e a te d  a t  l e a s t  tw ic e .  A 500 w att
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photolamp was used a t  w avelengths (X) o f  0 .3 5 ,  0 .4 0 ,  0 .7 5 ,  0 .8 5 ,  1 .0 0 ,  
1 .2 5 , 1 .5 0 ,  1 .7 5 ,  2 .0 0 ,  2 .25  and 2 .5 0  m icrons . A 150 w a t t  bu lb  i n  a 
r e f l e c t o r  was used a t  X = 0 .4 0 ,  0 .6 0  and 0 .65  m icrons . A 150 w a tt  
bu lb  w ith o u t  a  r e f l e c t o r  o r  s h ie ld  o f  any k ind  was used a t  X = 0 .4 0 ,  
0 .4 5 ,  0 .5 0  and 0 .55  m ic rons . Two co m p le te ly  s e p a r a te  s e t s  o f  d a ta  
each  tak en  tw ice  was o b ta in e d  a t  X = 0 .40  u s in g  d i f f e r e n t  so u rc e s .
The p h o to m u l t ip l i e r  tube  d e t e c to r  was used f o r  X = 0 .35  to  X = 0 .65  
m icrons. The lead  s u l f i d e  d e t e c to r  was used from X = 0 .7 5  to  X = 2 .50  
m icrons.
In  o rd e r  to  d e te rm ine  i f  th e  energy  was be in g  r e f l e c t e d  d i f f u s e l y  
a t  a l l  source  a n g le s ,  i t  was n e c e s sa ry  to  c a l c u l a t e  the  changes in  
th e  energy im pinging  on the  s ta n d a rd  s u r fa c e  a t  each sou rce  a n g le .
Th is  a n a ly s i s  i s  shown in  Appendix D. I f  th e  s u r f a c e  were p e r f e c t l y  
d i f f u s e ,  th e  changes in  the  r e f l e c t e d  energy  from the  s ta n d a rd  s u r fa c e  
would be p r o p o r t i o n a l  to  th e  changes i n  th e  incoming e n erg y . In  
Appendix D, F ig u re s  D-5 th rough  D-20 a re  p l o t t e d  to  show th e  a c t u a l  
energy  r e c e iv e d  by th e  ra d io m e te r  w ith  a v iew ing  ang le  o f  15 d eg rees  
and th e  ex p ec ted  energy  i f  th e  s ta n d a rd  s u r f a c e  were p e r f e c t l y  d i f f u s e .
These t e s t s  showed t h a t  th e  s ta n d a rd  s u r f a c e  was not d i f f u s e  in  
th e  i n f r a r e d  r e g io n  and a t  X = 0 .4 0  m icrons . A lso th e  a c t u a l  i n t e n s i t y  
cu rve  d id  n o t  e x a c t ly  fo l lo w  th e  p r e d ic te d  cu rv e  fo r  a  p e r f e c t l y  
d i f f u s e  s u r f a c e  a t  any w aveleng th . However, i t  was noted  t h a t  f o r  the  
f i v e  curves  made in  th e  v i s i b l e  r e g io n  (F ig u re s  D-7 th rough  D - l l )  th e  
r e s u l t s  fo l lo w  v e ry  c l o s e l y  th e  r e s u l t s  t h a t  would be ex p ec ted  from 
a d i f f u s e  s u r f a c e .  T h is  tends to  s u b s t a n t i a t e  th e  d i f f u s e n e s s  c la im  
made by the  m an u fac tu re r  o f  the  p a in t  i f  on ly  th e  v i s i b l e  re g io n  i s  
c o n s id e re d .
Another c o n c lu s io n  made from th e s e  t e s t s  was t h a t  s in c e  th e  d a ta  
was g e n e r a l ly  c o n s i s t e n t  and r e p e a t a b l e  t h a t  th e  te ch n iq u e  o f  
p o s i t i o n in g  th e  lamp as  d e sc r ib e d  was a  v a l i d  e x p e r im e n ta l  p ro c e d u re .  
A lso  s in c e  th e  d a ta  in  t h e  v i s i b l e  r e g io n  agreed w i th  th e  m a n u fa c tu r e r 's  
c la im  made fo r  th e  p a i n t  th e  a n a ly s i s  used was s u b s t a n t i a t e d .  Even 
though i t  was shown t h a t  th e  s ta n d a rd  s u r fa c e  was n o t  d i f f u s e  when 
c o n s id e r in g  sm all  bandwidths o f  energy  ex cep t  in  th e  v i s i b l e  r e g io n ,  
th e  su r fa c e  was s t i l l  used as a s ta n d a rd  so th a t  com parisons between 
th e  r e f l e c t a n c e s  o f  th e  v a r io u s  s u r f a c e s  t e s t e d  co u ld  be made.
T e s ts  o f  R e f le c ta n c e  o f  S a in t  A ugustine  Grass
Using th e  equipment and te ch n iq u es  d i s c u s s e d ,  th e  r e f l e c t a n c e  
( r a t i o  o f  energy  r e f l e c t e d  from t e s t  s u r fa c e  to  energy  r e f l e c t e d  from 
s ta n d a rd  s u r f a c e )  and v a r i a t i o n s  o f  th e  r e f l e c t a n c e  w i th  so u rce  an g le  
were de term ined  f o r  a p l o t  o f  S t .  A ugustine  g ra s s  ( S tenotaphrum  
secum alatum ). The g r a s s  s u r f a c e  used f o r  a t e s t  p l o t  was dug up 
from a w e l l  c a rp e te d  lawn. The g r a s s  was w e l l  w a te red  and v e ry  t h i c k .  
There  were no o th e r  ty p es  o f  g ra s s e s  i n  th e  p lo t  used ex cep t  S t .  
A u g u s t in e .  The p l o t  s tu d ie d  was a  p lu g  ap p ro x im a te ly  18 in ch es  i n  
d iam e te r  and 6 inches  t h i c k .  The g r a s s  was c u t  a t  a  h e ig h t  o f  2 in ch es  
above th e  ground s u r f a c e .  The w id th  o f  in d iv id u a l  b la d e s  o f  g ra s s  
ranged  between 1/8 inch and 1/4 in c h .  The in d iv id u a l  g ra s s  b la d es  
were o r i e n te d  randomly in  d i r e c t i o n  w ith  some p re fe re n c e  f o r  a v e r t i c a l  
d i r e c t i o n .  A f te r  th e  t e s t s  when th e  g ra s s  was a llow ed  to  grow to  a  
g r e a t e r  h e ig h t ,  th e re  was a g r e a t e r  tendence  fo r  th e  I n d iv id u a l  g ra s s  
b la d e s  t o  be o r ie n te d  in  a v e r t i c a l  d i r e c t i o n .
The base s o i l  o r  d i r t  was no t v i s i b l e  when looking  a t  th e  t e s t  
sample. However, i t  was p o s s ib le  to  see  th ro u g h  th e  g ra s s  and see 
decayed v e g e ta t io n  benea th  th e  g reen  g ra s s  b la d e s  when lo o k in g  a t  an 
an g le  o f  zero  d eg rees  to  th e  s u r f a c e .  But when v iew ing th e  p lo t  a t  an 
ang le  o f  15 d eg rees  ( th e  ra d io m e te r  v iew ing  a n g le )  o n ly  g ra s s  b lad es  
could  be seen . The s i z e  o f  the  f i e l d  o f  view o f  the  r a d io m e te r  was 
ap p ro x im a te ly  2 in ch es  by 6 in ch es  a t  th e  t e s t  p l o t  fo r  a l l  th e  
la b o ra to ry  t e s t s  conducted .
F ig u re s  V I-4  and VI-5 p r e s e n t  the  r e l a t i v e  b i d i r e c t i o n a l  r e f l e c t a n c e  
d a t a  ta k e n  fo r  th e  g ra s s  p l o t  w i th  a source  a n g le  o f  z e ro  d e g re e s .
The s o i l  m o is tu re  c o n te n t  was checked a t  th e  beg in n in g  and a t  th e  
end o f  th e  runs  and found to  be 48 p e rc e n t  and 42 p e r c e n t ,  r e s p e c t i v e l y .  
A 500 w a t t  photo lamp source was used  in  th e  u l t r a v i o l e t  r e g io n  and a 
150 w a t t  bu lb  was used in  the  v i s i b l e  r e g io n .  The d a ta  was reco rd ed  
on th e  N orthrup  Speedomax s t r i p  c h a r t  r e c o r d e r .  The w aveleng th  d r iv e  
was o p e ra te d  m anually . The a m p l i f i e r  g a in  was a d ju s te d  a t  each  p o in t  
to  g iv e  a re a d in g  c l o s e  to  10 m i l l i v o l t s  a t  each w avelength  from th e  
s tan d a rd  s u r fa c e  f o r  t e s t  ru n s  1, 2 and 9 . The d a ta  was rec o rd ed
w ith  the  d i g i t a l  v o l tm e te r  f o r  ru n s  33 and 34. The d a t a  i n  th e
v i s i b l e  re g io n  (X = 0 . 4 5  to  X -  0 .6 5 )  i s  v e ry  c lo s e  to  th e  t r u e  b i ­
d i r e c t i o n a l  r e f l e c t a n c e s  which would be o b ta in e d  w ith  a p e r f e c t  
r e f e r e n c e  s u r f a c e .  The s tan d a rd  s u r fa c e  has a v e ry  low r e f l e c t a n c e  in  
th e  u l t r a v i o l e t  r e g io n  which caused  th e  r e f l e c t a n c e  d a ta  p re s e n te d  
in  the  u l t r a v i o l e t  r e g io n  in  F ig u re  VI-4 to  be h ig h .
The re a so n  fo r  th e  d i f f e r e n c e s  in  th e  r e f l e c t a n c e  r e a d in g s  made
w ith  th e  p h o to m u l t ip l ie r  tube  d e t e c to r  and th e  lead  s u l f i d e  d e t e c to r
between 0 .65  < \  < 0 .7 0  i s  because  the  p h o to m u l t ip l i e r  tube  has a
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n a t u r a l  c u t o f f  p o i n t  n e a r  X “  0 .6 8  m ic ro n s  and i s  t h e r e f o r e  n o t  r e a d in g  
th ro u g h  th e  e n t i r e  b andw id th  o f  e n e rg y  a v a i l a b l e  t o  th e  d e t e c t o r  
i n  t h i s  r e g i o n .  A s i m i l a r  d rop  o f f  i n  d e t e c t a b i l i t y  o c cu rs  f o r  the  
le ad  s u l f i d e  d e t e c t o r  a t  w a v e le n g th  l e s s  th a n  0 .7 0  m ic ro n s .  T h e r e f o r e ,  
t h e  r e a l  v a lu e s  o f  r e f l e c t a n c e  re a d  i n  t h i s  r e g i o n  a re  h ig h e r  th a n  
th o se  o b ta in e d  w i th  t h e  p h o t o m u l t i p l i e r  t u b e  and low er t h a n  th o s e  
t a k e n  w i th  th e  le ad  s u l f i d e  c e l l .  The s o l u t i o n  t o  g e t t i n g  b e t t e r  
d a t a  i n  t h i s  r e g i o n  i s  t o  u se  a  d e t e c t o r  w i th  a S - 1 s p e c t r a l  r e s p o n s e .  
T h is  phenomenon o c c u r s  o n ly  i f  t h e  r e f l e c t a n c e  i s  v a r y in g  r a p i d l y  
w i th  w a v e le n g th  i n  t h i s  r e g i o n .
As s e e n  from  F ig u r e  V I -4 ,  t h e  d a t a  t a k e n  a t  w a v e le n g th s  l e s s  th a n  
0 .3 5  m ic ro n s  i s  e r r a t i c .  T h is  was c a u se d  by th e  low l e v e l  o f  e n e rg y  
b e in g  r e c e i v e d  by th e  d e t e c t o r  i n  t h i s  r e g i o n  and t h e r e f o r e  t h e  h ig h  
l e v e l  o f  g a in  r e q u i r e d  t o  make any r e a d in g s  a t  a l l .  The low l e v e l  
o f  e n e rg y  r e c e iv e d  by th e  d e t e c t o r  was c a u se d  by  th e  l a c k  o f  a  so u rc e  
which p roduced  en e rg y  i n  t h e  u l t r a v i o l e t  r e g i o n ,  t h e  low r e f l e c t a n c e  
o f  th e  s u r f a c e s  u sed  t o  c o l l e c t  and f o c u s  t h e  e n e rg y  and th e  narrow  
ban d w id th  o f  en erg y  t r a n s m i t t e d  by t h e  m onochrom ator i n  t h i s  r e g i o n  
( s e e  T a b le  I V - 1 ) .
I t  sh o u ld  be n o te d  t h a t  th e  d a t a  from  t e s t  r u n s  number 33 and 34 
shown i n  F ig u r e  V I-5  were made some two weeks a f t e r  th e  d a t a  p l o t t e d  
a s  t e s t  r u n  number 9 . D u ring  t h i s  t im e  p e r i o d  t h e  p l o t  was w a te re d  
and r e c u t  to  g iv e  a  2 in c h  h e i g h t .  The s o i l  m o is tu r e  c o n te n t  was 
checked  a f t e r  ru n s  33 and 34 were made and found t o  be 48 p e r c e n t .
For a l l  o f  t h e  t e s t  ru n s  shown i n  F ig u r e s  V I-4  and V I-5 ,  a  d i f f e r e n t  
p o r t i o n  o f  th e  g r a s s  p l o t  was v iew ed t o  g e t  th e  d a t a ,  y e t  t h e  d a t a  
shows good c o n s i s t e n c y .  The d a t a  i n  t h e  i n f r a r e d  r e g io n  beyond X = 2 .5
m ic ro n s  i s  e r r a t i c  due t o  th e  low d e t e c t a b i l i t y  o f  th e  l e a d  s u l f i d e  
c e l l  i n  t h i s  r e g io n  and  th e  low amount o f  e n e rg y  b e in g  p roduced  by 
th e  s o u rc e  a t  w a v e le n g th s  g r e a t e r  t h a n  2 .5  m ic ro n s .
F ig u r e s  V I-6  th ro u g h  V I-9  show th e  e f f e c t s  o f  s o u rc e  z e n i t h  a n g le  
on th e  r e f l e c t a n c e  o f  g r a s s  s u r f a c e s  when th e  s o u rc e  and  t h e  r a d io m e te r  
a r e  in  th e  same p l a n e .  The d a t a  and  a n a l y s i s  u sed  t o  c a l c u l a t e  t h e s e  
c u rv e s  i s  g iv e n  i n  A ppendix E. A 500 w a t t  pho to lam p was u sed  a s  th e  
so u rc e  f o r  t a k i n g  th e  d a t a .  The d i g i t a l  v o l t m e t e r  was u sed  t o  r e c o r d  
th e  r e a d in g s  w hich w ere  made m an u a l ly  f o r  r u n s  33 and 34. Two 
in d e p e n d e n t  r u n s  w ere made to  g e t  t h e  d a ta  a t  e ac h  p o in t  and th e n  
a v e ra g e d  a s  d e t a i l e d  i n  A ppendix  E.
The r e s u l t s  o f  t h e s e  t e s t s  show t h a t  t h e r e  i s  c o n s i d e r a b l e  
v a r i a t i o n s  in  th e  b i d i r e c t i o n a l  r e f l e c t a n c e  o f  g r a s s  s u r f a c e s .  A lso  
t h i s  v a r i a t i o n  i s  n o t  th e  same i n  v a r i o u s  r e g io n s  o f  th e  e l e c t r o ­
m ag n e t ic  sp e c tru m . These  v a r i a t i o n s  a r e  due b o th  to  th e  s p e c t r a l  
c h a r a c t e r i s t i c s  o f  an  i n d i v i d u a l  g r a s s  b la d e  and  th e  s t r u c t u r a l  a r r a n g e ­
ment o f  th e  b la d e s  a s  w e l l  a s  t h e  a n g u l a r  r e l a t i o n s h i p s  be tw een  th e  
s o u rc e ,  th e  t e s t  p l o t  and th e  r a d io m e te r .  S in ce  th e  s t r u c t u r a l  a r r a n g e ­
ment o f  t h e  b la d e s  i n  th e  p l o t  i s  a  m a jo r  f a c t o r  i n  th e  d a t a  r e c e i v e d ,  
i t  i s  n o t  in c o n c e iv a b le  t h a t  a  p l o t  o f  th e  same ty p e  o f  g r a s s  a t  a 
d i f f e r e n t  h e i g h t  and t h i c k n e s s  m ig h t  g iv e  somewhat d i f f e r e n t  r e s u l t s .
R e f l e c ta n c e  i n  t h e  u l t r a v i o l e t  r e g io n  i s  s e e n  t o  v a r y  by 50 p e r ­
c e n t  f o r  th e  s o u rc e  z e n i t h  a n g le s  s t u d i e s .  T h is  v a r i a n c e  d e c r e a s e s  
somewhat i n  th e  v i s i b l e  r e g io n  and i s  down t o  20 p e r c e n t  i n  th e  n e a r  
i n f r a r e d .  However, F ig u re  V I-9  shows t h a t  f u r t h e r  o u t  i n  th e  i n f r a r e d  
th e  v a r i a n c e  a g a in  i n c r e a s e s .  T hese  d a t a  t e n d s  t o  i n d i c a t e  t h a t  when 
com paring  en e rg y  l e v e l s  i n  d i f f e r e n t  p o r t i o n s  o f  t h e  sp e c tru m  i n  o r d e r  
t o  i d e n t i f y  p l a n t s  th e  s o l a r  z e n i t h  a n g le  m ust be  c o n s id e r e d .  Hie d a t a
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as shown i s  v a l i d  o n ly  f o r  a v iew in g  an g le  (9 )  o f  15 d e g re e s .  S ince 
a  v iewing an g le  o f  z e ro  d eg rees  was u n o b ta in a b le  i n  the  la b o r a to r y  
t e s t s  w ith  th e  te ch n iq u e  u sed , i t  cou ld  no t be de term ined  i f  th e s e  
same v a r ia n c e s  s t i l l  e x i s t  a t  v iew ing a n g le s  c l o s e r  t o  z e ro  d e g re e s .
F igure  VI-7A and VI-7B p r e s e n t s  d a t a  i n  the  v i s i b l e  r e g io n  on 
the  v a r i a t i o n  o f  r e f l e c t a n c e  w i th  so u rce  a n g le  a s  o b ta in e d  u s in g  b o th  
p rocedu res  d e sc r ib e d  e a r l i e r .  The b a s ic  d i f f e r e n c e  in  th e  methods 
used to  ta k e  th e s e  d a ta  i s  t h a t  th e  d a ta  p re s e n te d  in  F ig u re  VI-7A 
i s  based on lo o k in g  a t  th e  same s u r f a c e  f o r  each  source  a n g le  and th e  
d a ta  p re se n te d  in  F ig u re  VI-7B i s  based  on d a t a  ta k en  two weeks 
e a r l i e r  in  which th e  g r a s s  s u r f a c e  was r e p la c e d  f o r  each sou rce  an g le  
so th a t  e x a c t ly  th e  same s u r f a c e  was no t viewed a t  each so u rce  a n g le .  
A lso  any lack  o f  d i f f u s e n e s s  as shown i n  F ig u re s  D-7 th ro u g h  D - l l  
had an e f f e c t  on th e  d a t a  i n  F ig u re  VI-7B. However, even w i th  th e s e  
d i f f e r e n c e s  th e  cu rv e s  i n  the  two f ig u r e s  a re  v e ry  s im i l a r  and show 
e x a c t ly  the  same t r e n d s .  As a  r e s u l t  o f  th e s e  two f ig u r e s  i t  appears  
t h a t  the  2 inch  by 6 in c h  a re a  viewed i n  th e  l a b o r a to r y  was la rg e  
enough so t h a t  randomness and i n t e g r a t i o n  o f  th e  in d iv id u a l  g r a s s  
b lad es  could be assumed w i th in  t h i s  s i z e  a r e a  o f  S t .  A ugustine  g r a s s .  
T h is  d a ta  a l s o  shows th e  r e p e a t a b i l i t y  o f  the  d a t a  even a f t e r  th e  
g ra s s  s u r fa c e  had been w a te red ,  grown and c u t  s e v e r a l  t im es .
T e s ts  o f  R e f le c ta n c e  o f  S o i l
R e f le c ta n c e  d a t a  and d a ta  on v a r i a t i o n s  o f  r e f l e c t a n c e  w ith  so u rc e  
a n g le  was a l s o  ta k en  from a  pan f i l l e d  w ith  b la c k  s o i l .  The s o i l  was 
taken  from the  f i o o d p l a i n  o f  the  M is s i s s ip p i  R iv e r  on th e  campus o f  
L o u is ia n a  S ta te  U n iv e r s i ty .  The s o i l  had been dug up when making a
d i t c h  i n  w hich sew er p ip e  was l a i d  and c o n ta in e d  no v e g e t a t i o n .  The 
s o i l  was b la c k  a l lu v iu m  d e p o s i t e d  by th e  M i s s i s s i p p i  r i v e r .  I t  i s  
v e r y  f i n e l y  g ra in e d  w i th  a h ig h  c l a y  c o n t e n t  and i s  v e r y  common to  
th e  a r e a  a lo n g  th e  M i s s i s s i p p i  R iv e r  and i n  th e  M i s s i s s i p p i  D e l t a .
The s o i l  was p la c e d  i n  a 4 in ch  deep pan  18 in c h e s  i n  d i a m e te r ,  and 
th e  to p  was l e v e l e d  w i th  a  t r o w e l .  S in ce  t h i s  p ro c e s s  l e f t  a  s l i c k  
sh e e n ,  th e  s o i l  s u r f a c e  was th e n  h e a v i l y  washed w i th  w a te r .  T h is  
l e f t  t h e  s u r f a c e  l e v e l  b u t  w i th o u t  th e  s h e e n .  The s u r f a c e  was p i t t e d  
d u r in g  th e  w ash in g  p r o c e s s  and looked  v e r y  n a t u r a l .  A f t e r  making th e  
r e a d i n g s ,  th e  s u r f a c e  s o i l  was sc ra p p e d  o f f  and p la c e d  i n  a  c o n t a i n e r  
to  d e te r m in e  t h e  m o is tu r e  c o n te n t  which was found t o  be  33 p e r c e n t .
The equ ipm ent s e tu p  and p ro c e d u re  u sed  t o  t a k e  th e  d a t a  was th e  
same as  t h a t  u sed  f o r  t h e  l a t t e r  t e s t  r u n s  made on t h e  g r a s s  s u r f a c e .  
The v ie w in g  a n g le  was 15 d e g re e s  and t h e  s i z e  o f  t h e  s o i l  a r e a  from  
which r e f l e c t a n c e  r e a d in g s  were r e c e i v e d  was a p p ro x im a te ly  2 in c h e s  
by 6 i n c h e s .
F ig u r e  V I - 10 p r e s e n t s  t h e  d a t a  t a k e n  w hich  shows t h e  r e l a t i v e  
b i d i r e c t i o n a l  r e f l e c t a n c e  o f  t h e  s o i l  sam ple i n  t h e  v i s i b l e  and u l t r a ­
v i o l e t  r e g i o n s .  The d a t a  i n  th e  r e g i o n  from  X = 0 .4 5  m ic ro n s  to  
\  = 0 .6 0  m ic ro n s  i s  n o t  v e r y  a c c u r a t e  s in c e  t h e  p h o to tu b e  d e t e c t o r  was 
b e in g  s a t u r a t e d  i n  t h i s  r e g i o n  when r e a d i n g s  from th e  s t a n d a r d  s u r f a c e  
were t a k e n .  However, a  number o f  c o n c lu s io n s  can  s t i l l  be  made.
F i r s t  th e  d a t a  i n  t h e  u l t r a v i o l e t  r e g i o n  shows t h a t  more e n e rg y  was 
r e f l e c t e d  from th e  s o i l  i n  t h i s  r e g i o n  th a n  from th e  g r a s s  s u r f a c e  
and t h a t  f o r  p a r t  o f  t h e  u l t r a v i o l e t  sp ec tru m  more e n e rg y  was r e f l e c t e d  
from  th e  s o i l  t h a n  from  t h e  s t a n d a r d  s u r f a c e .  I t  a l s o  a p p e a r s  t h a t  
even  though th e  s o i l  a p p e a r s  b la c k  to  th e  human eye i t  a c t u a l l y
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r e f l e c t e d  more energy  i n  the  v i s i b l e  r e g io n  than  th e  g ra s s  s u r f a c e .
T h is  i s  e x p la in ed  by th e  s t r u c t u r e  o f  th e  g r a s s  s u r fa c e  which tends  
to  r e f l e c t  th e  energy  between s e v e r a l  d i f f e r e n t  in d iv id u a l  g ra s s  
b la d e s  so t h a t  a  la rg e  p o r t i o n  o f  th e  incoming energy i s  absorbed 
b e fo re  th e  energy  i s  f i n a l l y  r e f l e c t e d  back o u t  from th e  s u r f a c e .  At 
w aveleng ths  g r e a t e r  th a n  0 .64  m icrons th e  energy  r e f l e c t e d  by th e  
g ra s s  s u r fa c e  i s  g r e a t e r  than  t h a t  r e f l e c t e d  from the  s o i l  s u r f a c e .
T h is  i s  seen  by comparing F ig u re  V I -11 and F ig u re  V I-5 .
F ig u re s  V I - 12 th rough  V I -16 show the e f f e c t s  o f  so u rce  z e n i th  
angle on th e  r e f l e c t a n c e  o f  a s o i l  s u r f a c e  when th e  so u rce  and the  
ra d io m e te r  a r e  in  th e  same p la n e .  The d a ta  used to  g e n e r a te  th e se  
c u rv es  i s  p re s e n te d  in  Appendix E. The p ro ced u re  used to  g e n e ra te  
th e  cu rv es  i s  a l s o  p re s e n te d  in  Appendix E and i s  th e  same as th a t  
used fo r  th e  g ra s s  s u r f a c e .  A 500 w a tt  photolamp was used as  the  
s o u rc e ,  and th e  r e a d in g s  were rec o rd ed  from th e  d i g i t a l  v o l tm e te r  o f  
th e  s p e c t ro r a d io m e te r .  Two s e p a r a te  runs  were made so t h a t ,  d a ta  
was ta k en  tw ice  f o r  each  p o i n t ,  averaged  and th e n  used to  o b t a in  the  
d a t a  shown i n  th e  f i g u r e s .
These d a t a  show t h a t  l i k e  th e  g ra s s  s u r f a c e ,  the  v a r i a t i o n  in  
th e  r e f l e c t a n c e  o f  th e  s o i l  w ith  sou rce  z e n i t h  a n g le s  i s  v e r y  dependent 
on th e  w avelength  o f  th e  energy  b e in g  sensed . Also th e s e  v a r i a t i o n s  
w i th  w aveleng th  show th e  same g e n e r a l  t r e n d s  as determ ined  f o r  the  
g ra s s  s u r f a c e .  The b ig g e s t  d i f f e r e n c e s  in  th e  v a r i a t i o n s  as  found 
f o r  th e  g ra s s  and s o i l  r e f l e c t a n c e s  i s  t h a t  th e  cu rves  f o r  th e  s o i l  
s u r f a c e  a r e  much smoother and t h a t  th e  b a c k s c a t t e r  from the  s o i l  
s u r f a c e  i s  v e ry  sm a l l .  T ha t i s ,  the  amount o f  energy  r e f l e c t e d  in  a 
d i r e c t i o n  back toward the  sou rce  i s  much sm a l le r  than  the  amount o f
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energy  r e f l e c t e d  i n  a  d i r e c t i o n  away from th e  s o u rc e .  Th is  e f f e c t  
was no t found f o r  th e  g ra s s  s u r f a c e .
T e s ts  o f  R e f le c ta n c e  o f  Bermuda Grass
A f te r  th e  f i e l d  t e s t s  (C hapter V II)  were com ple ted , a p l o t  o f  
Bermuda g ra s s  (Cynoden d a c ty lo n ) was ta k e n  from th e  a r e a  where th e  
f i e l d  t e s t s  were conducted . R e f le c ta n c e s  were th e n  de term ined  f o r  
the  Bermuda g ra s s  p l o t  in  th e  la b o r a to r y .  These d a ta  were p l o t t e d  
to  g iv e  a  com parison to  th e  f i e l d  t e s t s  made on Bermuda g ra s s  and to  
g iv e  a  com parison to  th e  la b o ra to ry  d a ta  ta k e n  from th e  S a in t  
A ugustine g r a s s .
The Bermuda g r a s s  p l o t  was dug up from th e  f i e l d ,  p laced  i n  a  
pan and ta k en  d i r e c t l y  t o  th e  l a b o ra to ry  f o r  t e s t i n g .  The p lo t  
c o n s i s te d  e n t i r e l y  o f  Bermuda g ra s s  and was ta k en  from an a re a  
where th e  g ra s s  was v e ry  t h i c k .  The g r a s s  was c u t  t o  a  h e ig h t  o f  2 
inches  above th e  ground b e fo re  th e  t e s t s  were conducted . The s u r fa c e  
appeared g reen  and brown to  th e  eye . The to p s  o f  th e  g ra s s  was 
m ostly  g re e n  whereas th e  u n d e r ly in g  g ra s s  was brown. Some s o i l  
(b la c k  M is s i s s ip p i  d e l t a  a l l u v i a l )  was v i s i b l e  a l th o u g h  i t  was m ostly  
covered w ith  decayed v e g e ta t i o n .  At l e a s t  40 p e r c e n t  o f  th e  p l o t  
c o n s is te d  o f  brown o r  decayed v e g a t a t i o n .  This  same f e a tu r e  was 
p re s e n t  i n  th e  t e s t  a re a s  from which f i e l d  d a t a  was ta k e n .  The l e a f  
s t r u c t u r e  was sm all  and randomly o r i e n t e d .  The Bermuda g ra s s  s t r u c t u r e  
d i f f e r e d  from th e  S a in t  A ugustine  g ra s s  i n  t h a t  le a v e s  formed from 
th e  main v e r t i c a l  s t r u c t u r e s  so  t h a t  some o f  the  g ra s s  leav es  had a 
h o r i z o n ta l  o r i e n t a t i o n .  Also th e  Bermuda was n o t  a deep g reen  l i k e  
the  S a in t  A ugustine  g ra s s  and was no t w e l l  w a te red .  The s o i l  m o is tu re
c o n te n t  o f  th e  t e s t  p l o t  was found t o  be  26 p e r c e n t .
F ig u r e s  V I - 17 and V I - 18 p r e s e n t  th e  r e l a t i v e  b i d i r e c t i o n a l  
r e f l e c t a n c e  o f  t h e  Bermuda g r a s s  p l o t .  The s o u rc e  was norm al t o  t h e  
s u r f a c e  f o r  th e  d a t a  shown and th e  v ie w in g  a n g le  was 15 d e g r e e s .  A 
150 w a t t  l i g h t  b u lb  was u sed  a s  th e  so u rc e  f o r  th e  d a t a  shown in
F ig u r e  V I - 17, and a  500 w a t t  pho to lam p was u sed  f o r  th e  d a t a  ta k e n
in  th e  i n f r a r e d  r e g i o n  ( F ig u re  V I - 1 8 ) .  The d a t a  was ta k e n  w i th  th e  
s p e c t r o r a d io m e te r  and re c o rd e d  on th e  F lu k e  d i g i t a l  v o l t m e t e r .  Only 
one s e t  o f  d a t a  was t a k e n  from th e  Bermuda g r a s s  i n  t h e  l a b o r a t o r y .
I t  c a n  be s e e n  from  com paring  F ig u r e s  V I - 17 t o  V I-4  t h a t  th e
b i d i r e c t i o n a l  r e f l e c t a n c e  f o r  Bermuda and S a i n t  A u g u s t in e  g r a s s e s  
a r e  a lm o s t  i d e n t i c a l  i n  th e  v i s i b l e  r e g i o n .  I t  would t h e r e f o r e  be 
v e ry  d i f f i c u l t  to  d i s t i n g u i s h  b e tw een  th e s e  two g r a s s e s  by u s in g  t h e s e  
cu rv e s  o n ly .  I n  t h e  i n f r a r e d  r e g i o n  (F ig u r e s  V I - 18 and V I - 5) th e  
r e f l e c t a n c e  c u rv e s  f o r  th e  two g r a s s e s  a r e  a l s o  v e r y  s i m i l a r ;  how ever, 
th e  r e f l e c t a n c e  o f  th e  Bermuda g r a s s  i n  t h i s  r e g i o n  i s  h ig h e r  
th ro u g h o u t  th a n  t h e  r e f l e c t a n c e  o f  t h e  S a i n t  A u g u s t in e  g r a s s  p l o t .  
W hether t h i s  i s  a  g e n e r a l  c h a r a c t e r i s t i c  o f  t h e  two g r a s s e s  o r  o f  
j u s t  th e  two p l o t s  s t u d i e d  i s  n o t  known.
F ig u r e s  V I-19  th ro u g h  V I-22 show th e  e f f e c t s  o f  s o u rc e  z e n i t h  
a n g le  on  th e  r e f l e c t a n c e  o f  th e  Bermuda g r a s s  p l o t  s t u d i e d  i n  th e  
l a b o r a t o r y .  The d a t a  and p ro c e d u re  u sed  t o  c a l c u l a t e  t h e  p o i n t s  
shown as  th e  c u rv e s  a r e  g iv e n  i n  Appendix  E. Only one s e t  o f  d a t a  
was t a k e n  to  o b t a i n  t h e s e  c u r v e s . The d a t a  a t  C = 30° and Y *» 0° were 
ig n o re d  i n  d raw ing  th e  c u rv e s  s i n c e  th e  d a t a  t a k e n  a t  t h i s  p o i n t  was 
v e ry  h igh  i n  th e  v i s i b l e  r e g i o n  and low in  th e  i n f r a r e d  r e g i o n  when 
compared t o  th e  o t h e r  d a t a .  A lso  t h e r e  was some d i f f i c u l t y  i n
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p ro p e r ly  p o s i t io n in g  the  lamps fo r  th e  d a ta  a t  t h i s  p o in t .  The 
g e n e r a l  t re n d  o f  the  d a ta  fo r  th e  Bermuda g ra s s  r e f l e c t a n c e  v e r s u s  
sou rce  ang le  i s  v e ry  s im i l a r  to  th e  r e s u l t s  found f o r  the  S a in t  
A ugustine  g r a s s .  The b ig g e s t  d i f f e r e n c e  i s  t h a t  fo r  the Bermuda 
g r a s s  the  v a r i a t i o n  in  r e f l e c t a n c e  was found to  be about th e  same 
f o r  a l l  the  re g io n s  o f  th e  e le c t ro m a g n e t ic  spectrum  s tu d ie d .  There  
i s  a l s o  a s l i g h t  d i f f e r e n c e  in  th e  shape o f  th e  c u rv e s .  These 
c o n c lu s io n s  a r e  found from comparing F ig u re s  V I - 19 through VI-22 
w ith  F ig u res  V I-6 th rough  V I-9 .
C onclusions
The c o n c lu s io n s  t h a t  were made from th e  la b o ra to ry  t e s t s  f e l l  
i n to  two c a t e g o r i e s .  These c a t e g o r i e s  were c o n c lu s io n s  having  t o  do 
w ith  the  te ch n iq u e  used to  make th e  m easurem ents, and c o n c lu s io n s  
t h a t  could  be made from the  d a ta  ta k e n .
These t e s t s  showed t h a t  th e  te ch n iq u e  used to  take  d a ta  i n  the
la b o ra to ry  was easy  to  u se  and can  r e s u l t  i n  good r e f l e c t a n c e  d a ta  
from an i n t e g r a t e d  n a t u r a l  s u r f a c e .  The major d isad v an tag es  to  th e
la b o r a to r y  te ch n iq u e  were th e  la ck  o f  a  b e t t e r  s ta n d a rd  s u r f a c e  to
which th e  r e f l e c t a n c e  re a d in g s  cou ld  be compared and th e  sm alln ess  
of the  p l o t  which cou ld  be view ed. The s ta n d a rd  s u r fa c e  problem 
cou ld  be helped  by p r e p a r in g  a d i f f e r e n t  ty p e  o f  s u r fa c e  which would 
be more d i f f u s e  and a more p e r f e c t  r e f l e c t o r  i n  the  u l t r a v i o l e t  and 
in f r a r e d  r e g io n s .  The s iz e  o f  th e  spo t viewed can  on ly  be improved 
by having a l a r g e r  d i s t a n c e  between th e  s p e c tro ra d io m e te r  and th e  
t e s t  p l o t .  Th is  would r e q u i r e  a l a r g e r  l a b o r a to r y .  The major problem  
invo lved  w ith  the  t e s t  p l o t  sensed b e in g  so sm a ll  (2 inches  by 6 in c h es )
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i s  t h a t  most c ro p s  c o n s i s t  o f  la rg e  p l a n t s  which a re  spaced some 
d i s t a n c e  a p a r t  so t h a t  a l a rg e  a re a  must be viewed in  o rd e r  to  in c lu d e  
s e v e r a l  p l a n t s  and the  a re a s  i n  between in  th e  ra d io m e te r  f i e l d  o f  
view. T h is  i s  n e ce s sa ry  to  g e t  the  r e f l e c t a n c e  o f  an i n t e g r a t e d  
a r e a  r e p r e s e n t in g  th e  type  o f  p lo t  sensed  w ith  a i rb o rn e  s e n s o r s .
I t  was a ls o  found from th e  la b o ra to ry  t e s t s  t h a t  th e  p h o to ­
m u l t i p l i e r  tube  i s  e a s i l y  s a tu r a te d  so t h a t  th e  v o l ta g e  o u tp u t  o f  th e  
sp e c tro ra d io m e te r  i s  no lo n g e r  l i n e a r  w ith  th e  i n t e n s i t y  o f  th e  energy  
b e in g  r e f l e c t e d  from th e  t e s t  s u r f a c e .  This  i s  a  problem o n ly  when 
re a d in g s  a re  to  be made from a  s tan d a rd  s u r fa c e  which has a  h igh  
r e f l e c t a n c e .  When re a d in g  from most n a t u r a l  s u r f a c e s , the  r e f l e c t a n c e  
i n  th e  v i s i b l e  re g io n  is  low enough t h a t  t h i s  i s  no t a  problem.
Another a r e a  i n  which th e  l a b o ra to ry  te ch n iq u e  used to  ta k e  d a ta  
was th o u g h t to  be l im i te d  was how to  v a ry  th e  v iew ing a n g le .  However, 
two ways were found to  so lve  t h i s  problem a f t e r  th e  l a b o ra to ry  t e s t s  
were com pleted . One way i s  to  use  a l a b o ra to ry  w ith  a h ig h  c e i l i n g  
(25 f e e t  o r  g r e a t e r )  where th e  fo ld in g  m ir ro r  can be mounted h igh  
above th e  r a d io m e te r .  The second and e a s i e s t  method found was to  
v a ry  th e  ang le  o f  th e  t e s t  p l o t  w h ile  th e  re a d in g s  a r e  be in g  made.
T h is  method w i l l  g ive  good r e s u l t s  o n ly  i f  th e  s t r u c t u r e  o f  th e  t e s t  
p l o t  i s  no t a l t e r e d  by p la c in g  i t  a t  an ang le  w ith  th e  h o r i z o n t a l .
The most s i g n i f i c a n t  r e s u l t s  concluded from th e  d a ta  was t h a t  
th e re  a re  v e ry  s i g n i f i c a n t  v a r i a t i o n s  in  th e  r e f l e c t a n c e  o f  n a t u r a l  
s u r f a c e s  w ith  sou rce  z e n i th  an g le  and t h a t  th e se  v a r i a t i o n s  a r e  no t 
always th e  same f o r  a l l  r e g io n s  o f  the  e le c t ro m a g n e t ic  spec trum . I t  
was a l s o  concluded t h a t  th e  s t r u c t u r e  o f  th e  s u r fa c e  which i s  made 
up o f  an i n t e g r a t i o n  o f  in d iv id u a l  p l a n t s ,  le a v e s ,  o r  p a r t i c l e s  i s  a
s i g n i f i c a n t  f a c t o r  i n  d e te rm in in g  th e  e f f e c t s  o f  th e  source  an g le  on 
b i d i r e c t i o n a l  r e f l e c t a n c e .  The f i n a l  c o n c lu s io n  made was t h a t  in  o rd e r  
to  t r u e l y  u n d e rs tan d  th e  b i d i r e c t i o n a l  r e f l e c t a n c e s  from a n a t u r a l  
s u r f a c e  t h a t  d a ta  must be ta k en  a t  many viewing a n g le s ,  source  a n g le s ,  
and r e l a t i v e  azim uth an g les  on d i f f e r e n t  p l o t s  o f  the  same type  o f  
g ra s s  o r  s o i l  and t h a t  the  s t ru c tu ra l  c h a r a c t e r i s t i c s  o f  the  s u r fa c e  
must be b e t t e r  u n d e rs to o d .
CHAPTER V II  
FIELD TESTS AND RESULTS
I n  o r d e r  to  f u l f i l l  t h e  o r i g i n a l  o b j e c t i v e  o f  d e v e lo p in g  a  
t e c h n iq u e  t o  d e te rm in e  th e  r e f l e c t a n c e  o f  n a t u r a l  s u r f a c e s  i n  th e  
n a t u r a l  e n v i ro n m e n t ,  f i e l d  t e s t s  w ere  c o n d u c te d .  D a ta  was t a k e n  i n  
th e  f i e l d  i n  th e  n a t u r a l  en v ironm en t on t h e  r e f l e c t a n c e  o f  Bermuda 
G rass  (Cynoden d a c t y l o n ) . D ata  was t a k e n  b o th  w i th  th e  f o l d i n g  m ir ro r  
mounted on th e  moveable p l a t f o r m  used  i n  th e  l a b o r a t o r y  and on th e  
b a l lo o n  sy s te m . The f i e l d  i n  which t h e  t e B t s  were c o n d u c te d  was 
co v e red  w i th  a t h i c k  s ta n d  o f  Bermuda g r a s s  and was c u t  r e g u l a r l y  t o  
a  h e ig h t  o f  two to  t h r e e  in c h e s  above th e  g ro u n d . The d a t a  was ta k e n  
i n  t h e  f i r s t  few weeks o f  A u g u s t ,  1974.
E x p e r im e n ta l  T ech n iq u es
The f i r s t  te c h n iq u e  u sed  to  c o l l e c t  r e f l e c t a n c e  d a t a  was v e ry  
s i m i l a r  t o  t h a t  shown i n  F ig u r e  V I - 1 . The s p e c t r o r a d io m e te r  was 
l o c a t e d  a t  th e  b ack  o f  a  p a n e l  t r u c k  on t h e  t u r n t a b l e  d e s c r ib e d  i n  
C h a p te r  IV. The f o l d i n g  m i r r o r  was mounted on th e  moveable p l a t f o r m  
u sed  i n  th e  l a b o r a t o r y  t e s t s  and was a t  a  h e ig h t  o f  12 f e e t  above  the  
g ro u n d .  The m i r r o r  was p o s i t i o n e d  to  g iv e  a  v ie w in g  a n g le  w i th  th e  
g round  o f  15 d e g r e e s .  The f o l d i n g  m i r r o r  was a t  a  d i s t a n c e  o f  150 
f e e t  from th e  s p e c t r o r a d i o m e t e r .  The su n  was u sed  as  th e  s o u r c e .  The 
e x p e r im e n t  was s e t  up so  t h a t  th e  f o l d i n g  m i r r o r  was due e a s t  o f  th e  
s p e c t r o r a d i o m e t e r .  T h e r e f o r e ,  t h e  sun  was b eh in d  t h e  m i r r o r  i n  th e  
m o rn ings . The p l o t  from  which d a t a  was ta k e n  was composed o f  Bermuda 
g r a s s  a s  d e s c r ib e d  i n  C h a p te r  VI. The s i z e  o f  t h e  p l o t  s t u d i e d  w i th  
t h i s  t e c h n iq u e  was a p p ro x im a te ly  6 in c h e s  by 16 i n c h e s .  A p h o to g ra p h
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showing th e  arrangem ent o f  th e  f o ld in g  m i r r o r ,  s ta n d a rd  s u r f a c e  and 
s p e c t ro ra d io m e te r  i s  g iven  in  F ig u re  V I I - 1.
The s p e c t ro ra d io m e te r  was a l ig n e d  and focused  v i s u a l l y  i n  th e  
f i e l d .  The s tan d a rd  s u r f a c e  was p laced  over th e  t e s t  p l o t  and th e  
o p t i c s  i n  t h e  ra d io m e te r  was a l ig n e d  by a d ju s t i n g  the  sp r in g  mounted 
m ir ro r s  u n t i l  th e  spo t o f  v i s i b l e  energy from the  s tan d a rd  s u r fa c e  
was c e n te re d  on th e  monochromator opening s l i t .  The ra d io m e te r  was 
focused  by p la c in g  a b la c k  s t r i p  o f  c a rd b o ard  a c r o s s  th e  s ta n d a rd  
s u r fa c e  and a d ju s t i n g  th e  focus knob on th e  te le s c o p e  u n t i l  th e  image 
was focused  c l e a r l y  a t  th e  monochromator open ing .
Two p ro ced u res  were used in  c o l l e c t i n g  the  f i e l d  d a ta  w ith  th e  
p la t fo rm  mounted m i r r o r .  The f i r s t  way in  which d a t a  was c o l l e c t e d  
was to  keep th e  v iew ing  azimuth and th e  t e s t  p l o t  c o n s t a n t .  Readings 
were f i r s t  made from the  t e s t  p lo t  and then  from th e  s tan d a rd  s u r f a c e  
w ith  th e  s p e c t ro r a d io m e te r .  Runs were made th ro u g h o u t one day w ith  
th e  p h o to m u l t i p l i e r  tu b e  and th e n  th ro u g h o u t  an o th e r  day w i th  th e  lead  
s u l f i d e  d e t e c t o r .  Readings were tak en  m anually  a t  5 t o  10 s e l e c t e d  
w avelengths f o r  each d e t e c t o r  u sed .  Readings were rec o rd ed  every  one- 
h a l f  hour th roughou t th e  day . I t  r e q u i r e d  from te n  t o  tw enty  m inutes  
t o  ta k e  re a d in g s  a t  one tim e  p e r io d  from b o th  th e  s ta n d a rd  and the  
t e s t  p l o t .  Near one o 'c lo c k  when th e  sun was a t  i t s  h ig h e s t  e l e v a t i o n ,  
a more com plete s p e c t r a l  scan  was made. Readings a t  t h i s  tim e were 
made a t  20 to  30 d i f f e r e n t  w avelengths w i th in  the  re sp o n se  ran g e  o f  
th e  d e t e c t o r s  u sed .
With t h i s  f i r s t  p rocedure  used  to  c o l l e c t  d a t a ,  th e  r e l a t i v e  
azimuth an g le  CO was a v a r i a b l e .  The re a so n  fo r  Y v a ry in g  was t h a t  
the  v iew ing  azim uth  was due e a s t  and th e  s o l a r  azim uth v a r i e d  from
FIGURE V I I - 1. Photograph o f  F ie ld  T e s t  Using P la tfo rm  Mounted M irro r
a lm ost due e a s t  in  th e  e a r l y  morning to  so u th  a t  one o 'c lo c k  and th e n  
was a lm ost due west in  th e  l a t e  ev en ing . The more com plete  s p e c t r a l  
s can  was made when th e  sun was near  due so u th ;  t h e r e f o r e ,  ¥ was 90 
d eg rees  f o r  th e  d a ta  tak en  a t  th a t  t im e . I t  was assumed d u r in g  a l l  
th e  t e s t s  t h a t  th e  s o l a r  an g les  d id  no t v a ry  s u f f i c i e n t l y  d u r in g  th e  
tim e p e r io d  r e q u i r e d  to  c o l l e c t  a  s e t  o f  d a ta  to  a f f e c t  the  r e s u l t s  
o b ta in e d .
In  o rd e r  to  t r y  and c o l l e c t  d a ta  w ith  th e  same a n g u la r  r e l a t i o n ­
sh ip s  as the  d a ta  ta k en  in  th e  l a b o r a to r y  and to  see  the  e f f e c t  i f  any 
o f  Y on th e  r e f l e c t a n c e ,  a second p ro ced u re  was used to  c o l l e c t  d a ta  
w ith  the  p la t fo rm  mounted m ir ro r .  With th e  second p rocedure  the  
p la t fo rm  mounted fo ld in g  m ir ro r  was r o t a t e d  f o r  each ru n  so  th a t  
Y = 0° or Y = 180°. With t h i s  te ch n iq u e  a s l i g h t l y  d i f f e r e n t  p l o t  o f  
g ra s s  was viewed fo r  each  s e t  o f  d a ta  ta k e n ;  however, th e  l a b o r a to r y  
t e s t  had shown t h a t  t h i s  should  no t have any e f f e c t  on th e  r e s u l t s .
The m ir ro r  had to  be r o t a t e d  and i t s  an g le  w ith  th e  h o r i z o n ta l  
a d ju s te d  f o r  each d a ta  s e t  made in  o rd e r  to  g ive  a  v iew ing an g le  of 
15 degrees  a t  Y = 0° o r  Y = 180°. S ince  th e  m ir ro r  was moved fo r  th e  
d a ta  taken  a t  each s o l a r  a n g le ,  th e  sp e c t ro ra d io m e te r  a lig n m en t w ith  
th e  m ir ro r  had to  be checked fo r  each ru n .  Because o f  th e  tim e r e ­
q u ire d  to  s e t  up u s in g  t h i s  p rocedure  n o t  as  much d a ta  was ta k en  w ith  
t h i s  method a s  w ith  th e  f i r s t  p rocedure  d e s c r ib e d .
To h e lp  de term ine  where th e  sun was lo c a te d  d u ring  th e  d ay , a 
computer program was w r i t t e n  and th e  s o l a r  e l e v a t i o n  (90°-C ) and 
azim uth (cpQ) were c a l c u l a t e d  fo r  a l l  th e  days in  August v e r s u s  th e  time 
o f  day. A d e s c r i p t i o n  o f t h i s  program and sample r e s u l t s  a r e  g iven  
i n  Appendix F. The h ig h e s t  e l e v a t i o n  o b ta in e d  by the  sun on th e  days
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in  which d a ta  was c o l l e c t e d  was when = 14 d e g re e s .  T h is  p o s i t i o n  
o f  th e  sun was o b ta in e d  a t  ap p ro x im a te ly  one o 'c l o c k  each day . The 
p o s i t i o n  o f  th e  sun th roughou t th e  day can b e s t  be v i s u a l i z e d  from 
F ig u re  V II -2 .  T h is  f ig u r e  shows th e  end p o in t  o f  th e  shadow o f  a 
v e r t i c a l  pole  a t  the  c e n te r  o f  th e  c h a r t  one u n i t  h igh  f o r  August 15, 
1974. The s h o r t e s t  shadow (maximum s o l a r  e l e v a t io n )  was o b ta in ed  
when th e  sun was due sou th .
The second tech n iq u e  used to  c o l l e c t  d a t a  was by u t i l i z a t i o n  o f  
th e  b a l lo o n /m i r r o r  system shown i n  F ig u re  I I I - l .  The m ir ro r  was 
p o s i t io n e d  u n d e rn e a th  the  b a l lo o n  a t  an a l t i t u d e  o f  100 f e e t .  The 
m ir ro r  was k ep t  h o r i z o n ta l  by th e  m ir ro r  c a b le s  and the  s p e c t ro ra d io m e te r  
was p o s i t io n e d  on th e  ground 27 f e e t  from a sp o t  d i r e c t l y  benea th  th e  
m ir ro r .  The v iew ing  azim uth was 270 d eg rees  o r due w est and th e  
v iew ing  angle  betw een th e  m ir ro r  and th e  t e s t  p l o t  was 15 d e g re e s .
The d i s t a n c e  betw een th e  rad io m e te r  and th e  sp o t  viewed was 210 f e e t .
The s i z e  o f  th e  Bermuda g ra s s  p l o t  viewed was a p p ro x im a te ly  7 .5  by 
20 i n c h e s .
S ince  the  m ir ro r  when p o s i t io n e d  w ith  th e  b a l lo o n  system  had a 
s l i g h t  an g u la r  movement which caused  th e  f i e l d  o f  view o f  th e  r a d i ­
ometer to  v a ry  over an a re a  g r e a t e r  th a n  th e  a r e a  o f  th e  s tan d a rd  
s u r f a c e ,  i t  was n o t  p o s s ib le  to  re a d  from th e  s ta n d a rd  s u r fa c e  w ith  th e  
b a l lo o n /m ir r o r  system . T h e re fo re ,  th e  s tan d a rd  s u r fa c e  was lo c a ted  
b en ea th  th e  p la t fo rm  mounted m ir ro r  used  in  the  f i r s t  te c h n iq u e .  T h is  
fo ld in g  m ir ro r  was lo c a te d  100 f e e t  t o  th e  e a s t  o f  th e  s p e c t ro r a d io m e te r .  
Readings were f i r s t  made from the  t e s t  s u r fa c e  by v iew ing th e  fo ld in g  
m ir ro r  mounted b en ea th  th e  b a l lo o n .  Then th e  sp e c tro ra d io m e te r  was 
r o t a t e d  on the  t u r n t a b l e  and re a d in g s  were made from the  s ta n d a rd
FIGURE TZH-2. SHADOW OF END POINT OF ONE FOOT HIGH BAR ON AUGUST 15, 1 9 7 4
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s u r f a c e  w i th  th e  p l a t f o r m  mounted m i r r o r .
The b a l lo o n  had t o  be ta k e n  down and r e f i l l e d  e v e ry  m orning so 
t h a t  r e a l ig n m e n t  o f  t h e  system  was n e c e s s a r y  e ach  d a y .  A lignm ent 
w i th  t h e  f o ld in g  m i r r o r s  was a  p rob lem  s in c e  t h e r e  was no way to  s e e  
d i r e c t l y  th e  sp o t  b e in g  r e c e iv e d  by th e  s p e c t r o r a d i o m e t e r .  A lignm ent 
was acco m p lish ed  i n  t h e  f i e l d  by p l a c i n g  a  b l a c k  p i e c e  o f  c a rd b o a rd  
o v e r  t h e  p la t fo rm  m ounted m ir ro r  and th e n  t u r n i n g  th e  s p e c t r o r a d io m e te r  
w i th  th e  p h o t o m u l t i p l i e r  tube  d e t e c t o r  u n t i l  th e  f i e l d  o f  v iew  was 
c e n t e r e d  on th e  m i r r o r  a s  d e te rm in ed  by th e  v o l t a g e  r e a d in g  from  th e  
s p e c t r o r a d io m e te r .  The e y e p ie c e  on th e  t e l e s c o p e  was th e n  a d j u s t e d  
so  t h a t  th e  c r o s s h a i r s  were  c e n te r e d  on th e  f o l d i n g  m i r r o r .  I t  was 
th e n  assumed t h a t  by c e n t e r i n g  th e  e y e p ie c e  c r o s s h a i r s  on  th e  f o l d i n g  
m i r r o r  (w he ther  u n d e r  t h e  b a l lo o n  o r  on t h e  p la t f o r m )  th e  f i e l d  o f  
v iew  o f  th e  r a d io m e te r  would be c e n te r e d  on th e  f o l d i n g  m i r r o r .  Due 
to  t im e  problem s i n  t r y i n g  to  ta k e  f i e l d  d a t a  w i th  th e  b a l l o o n  sy s te m , 
t h e  t e l e s c o p e  e y e p ie c e  a l ig n m en t was n o t  re c h e c k e d  a f t e r  th e  f i e l d  
t e s t s  w i th  th e  p l a t f o r m  mounted m i r r o r  were c o m p le ted .
When u s in g  t h e  b a l l o o n  te c h n iq u e ,  i t  was n o te d  t h a t  th e  a n g u la r  
movements o f  th e  f o l d i n g  m ir ro r  w ere  l e s s  th a n  +  1/2  d e g re e  so t h a t  
e s s e n t i a l l y  th e  same s p o t  was view ed th ro u g h o u t  th e  d a y .  However, 
s in c e  t h e  b a l lo o n  was ta k e n  down e ac h  day  and p u t  up a g a i n ,  t h e  e x a c t  
same s p o t  was n o t  v iew ed  each  day s i n c e  th e  m i r r o r  was n o t  p o s i t i o n e d  
e x a c t l y  th e  same e v e r y  d a y .  Also s in c e  th e  v ie w in g  az im u th  was k e p t  
c o n s t a n t  f o r  each d a y ,  th e  r e l a t i v e  az im u th  (¥ ) was a  v a r i a b l e  
th ro u g h o u t  th e  day a s  was th e  s o l a r  z e n i t h  a n g le .
Spectroradiom eter
Gas G enerator
Wind Speed Indicator,
Solar Radiation Recorder
FIGURE V I I -3 .  Photograph o f  Equipment Used in  F ie ld  T e s ts
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E x p e r im e n ta l  A p p a ra tu s
Most o f  t h e  equ ipm ent used  i n  t h e  f i e l d  t e s t s  has  b een  d e s c r ib e d  
i n  o t h e r  c h a p t e r s .  A l i s t  o f  th e  equ ipm ent u sed  in c lu d e s  t h e  b a l lo o n  
sy s tem , m oveable  p l a t f o r m ,  f o l d i n g  m i r r o r s ,  s p e c t r o r a d i o m e t e r ,  gas 
g e n e r a t o r ,  s o l a r  r a d i a t i o n  r e c o r d e r ,  wind speed  and d i r e c t i o n  i n d i c a t o r ,  
t e m p e ra tu re  and r e l a t i v e  h u m id i ty  r e c o r d e r ,  s t a n d a r d  s u r f a c e ,  l a s e r  
and p lum b-bob . Some o f  t h e s e  i te m s  a r e  shown i n  F ig u re  V I I - 3 a s  
p o s i t i o n e d  f o r  th e  f i e l d  t e s t s .
The o n ly  i te m  n o t  d e s c r ib e d  p r e v i o u s l y  i s  th e  s o l a r  r a d i a t i o n  
r e c o r d e r .  I t  was made by th e  W eather Measure C o r p o r a t i o n .  The 
in s t r u m e n t  was u sed  t o  i n d i c a t e  t h e  p re s e n c e  and e f f e c t  o f  c lo u d s  and 
as a g e n e r a l  i n d i c a t i o n  o f  t h e  amount o f  s o l a r  r a d i a t i o n  b e in g  r e c e iv e d  
a t  th e  t e s t  s i t e  a s  a  f u n c t i o n  o f  t h e  t im e  o f  d a y .  R a d i a t i o n  i s  
m easured  when i t  p a s s e s  th ro u g h  a  g l a s s  dome and h e a t s  b l a c k  and w h ite  
b i m e t a l l i c  s t r i p s .  The d i f f e r e n c e  i n  r a d i a n t  e n e rg y  a b s o r p t i o n  o f  
th e  two s t r i p s  i n  t u r n  a c t i v a t e s  a pen  w hich p r i n t s  o u t  a  c o n t in u o u s  
r e c o r d  on a  r o t a t i n g  drum.
The in s t r u m e n t  has  a  s low  r e s p o n s e  tim e so  t h a t  i t s  r e a d i n g  c o u ld  
n o t  be c o r r e l a t e d  d i r e c t l y  w i th  t h e  r e a d in g s  made w i th  th e  s p e c t r o ­
r a d i o m e t e r .  However, th e  o u tp u t  o f  t h e  r e c o r d e r  was h e l p f u l  i n  
a n a ly z in g  th e  d a t a  from  th e  s p e c t r o r a d io m e te r  and i n  b e t t e r  u n d e r ­
s t a n d i n g  th e  r e a d in g s  made.
The b a l lo o n  u sed  i n  th e  f i e l d  t e s t s  c o n ta in e d  1200 c u b ic  f e e t  o f  
h e l iu m . The system  was d e s ig n e d ,  launched  and o p e r a t e d  a s  o u t l i n e d  
i n  C h a p te r  V and A ppendix  B. A plumb-bob was u sed  t o  p o s i t i o n  th e  
f o l d i n g  m i r r o r  c a r r i e d  by th e  b a l lo o n  a t  th e  r i g h t  h e i g h t  and l o c a t i o n .  
Two pounds o f  t e n s i o n  w ere  p u l l e d  i n  e ac h  o f  th e  t h r e e  m i r r o r  c a b l e s .
The w eigh t o f  th e  fo ld in g  m ir ro r  and i t s  h o ld e r  and a t ta ch m en ts  was 
s ix  pounds. A s i x  s ta k e  arrangem ent as  sugges ted  in  C hapter IV was 
used fo r  th e  c a b le  s t a k e s .  However, once th e  th r e e  winches were 
a t ta c h e d  to  t h r e e  o f  the  s ta k e s  they  were never moved. The windB 
d u r in g  the  f i e l d  t e s t s  w ith  th e  b a l lo o n  were v e ry  l i g h t  ex cep t  f o r  th e  
f o u r th  day when thunders to rm s  developed in  the  a r e a .  The winds from 
th e  storm s were g u s ty  and v a r i a b l e  and caused  th e  b a l lo o n  and m ir ro r  
c a b le s  to  become tw is t e d .  The b a l lo o n  r ip p e d  th e  n e x t  day a f t e r  
the  c a b le s  were u n ta n g le d ,  and th e  b a l lo o n  had been  r e f i l l e d  and was 
be ing  r e - la u n c h e d .
S ev e ra l  tim es d u r in g  f i e l d  t e s t s  w i th  the  b a l lo o n  system, th e  
l a s e r  was used to  t e s t  th e  s t a b i l i t y  o f  th e  f o ld in g  m i r r o r .  I t  was 
found from th e se  qu ick  checks t h a t  th e  a n g u la r  movements o f  th e  f o ld in g  
m ir ro r  were very  sm all  and t h a t  the  l a s e r  spo t a f t e r  b e in g  r e f l e c t e d  
by the  m ir ro r  g e n e r a l ly  s tay ed  in  an a r e a  6 inches  by 6 inches  on th e  
ground. The gas g e n e r a to r  was used to  power the  l a s e r  a s  had been  
done in  th e  t e s t s  o f  th e  s m a l le r  b a l lo o n  systems (C hap ter IV) and a l s o  
to  power th e  s p e c t ro r a d io m e te r  and th e  wind speed and d i r e c t i o n  
i n d i c a t o r .
The sp e c t ro ra d io m e te r  was m odified  somewhat f o r  th e  f i e l d  t e s t s  
from th e  c o n f ig u r a t io n  used in  th e  l a b o r a to r y .  One o f  th e se  m o d if ic a ­
t io n s  inc luded  removing th e  s t r i p  c h a r t  r e c o rd e r  and rem ounting th e  
e l e c t r o n i c s  in  a 48 inch h ig h  ra c k .  T h is  was done in  o rd e r  t h a t  th e  
e n t i r e  system cou ld  e a s i l y  be p laced  in  th e  panel t r u c k .  A l l  d a ta  was 
recorded  m anually  w ith  the  d i g i t a l  v o l tm e te r .
The o th e r  m o d if ic a t io n s  made to  th e  s p e c t ro ra d io m e te r  were used 
on ly  when re a d in g s  were b e in g  made w ith  th e  p h o to m u l t i p l i e r  tube as
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t h e  d e t e c t o r .  S in ce  i t  was known from  th e  l a b o r a t o r y  t e s t s  t h a t  i t  
was e a sy  to  s a t u r a t e  th e  p h o t o m u l t i p l i e r  tu b e ,  a c i r c u l a r  p ie c e  o f  
b l a c k  c a rd b o a rd  was c u t  w i th  an  8 in c h  o u t s i d e  d ia m e te r .  A t h r e e  
in c h  h o le  was th e n  c u t  in  th e  c e n t e r  o f  t h e  c a r d b o a r d .  The ca rd b o a rd  
was p la c e d  i n s i d e  th e  t e l e s c o p e  a t  t h e  f a c e  o f  th e  p r im a ry  m i r r o r .
To f u r t h e r  r e d u c e  th e  i n t e n s i t y  o f  th e  e n e rg y  incoming t o  th e  p h o to ­
m u l t i p l i e r  tu b e ,  th e  fo c u s in g  o p t i c s  u sed  a t  th e  e x i t  o f  th e  m onochro­
m a to r  to  fo cu s  a l l  o f  th e  e x i t i n g  en e rg y  on th e  tu b e  was removed.
T h i s  f u r t h e r  re d u c ed  th e  e n e rg y  r e c o rd e d  by  th e  d e t e c t o r  by a  f a c t o r  
o f  f i v e .
D ata  Taken W ith P la t f o r m  Mounted M ir ro r
F ig u r e s  V I I - 4  and V I I - 5  p r e s e n t s  some o f  th e  f i e l d  d a t a  tak en  
w i th  th e  p l a t f o r m  mounted m i r r o r  on th e  r e l a t i v e  b i d i r e c t i o n a l  
r e f l e c t a n c e  o f  Bermuda g r a s s .  These  d a t a  w ere  t a k e n  in  t h e  f i e l d  
two days a f t e r  t h e r e  had b een  a  h eavy  r a i n .  However, t h e  f i e l d  was 
w e l l  d ra in e d  and th e  s o i l  m o is tu r e  c o n te n t  d u r in g  th e  t im e  in  w hich 
d a t a  was ta k e n  was found t o  be 25 p e r c e n t .  T e s t  ru n s  103 and 104 
shown in  F ig u r e  V I I - 4  w ere  b o th  made on th e  same day . Run 103 and 
105 p r e s e n t  th e  r e f l e c t a n c e  d a t a  t a k e n  w i th  th e  s o l a r  p la n e  a p p r o x i ­
m a te ly  90 d e g re e s  to  th e  v ie w in g  p l a n e .  Run 104 p r e s e n t s  d a t a  ta k e n  
w i th  th e  s o l a r  and v iew in g  p la n e s  a t  a p p ro x im a te ly  th e  same az im u th .  
These d a ta  were ta k e n  by  f i r s t  r e a d in g  from t h e  t e s t  s u r f a c e  a t  each  
w a v e len g th  and th e n  r e a d in g  from th e  s t a n d a r d  s u r f a c e  a t  th e  same 
w a v e le n g th s .
Comparing F ig u r e  V I I - 4  t o  th e  d a t a  o b ta in e d  f o r  th e  r e l a t i v e  
b i d i r e c t i o n a l  r e f l e c t a n c e  o f  Bermuda g r a s s  t a k e n  in  th e  l a b o r a t o r y
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(F igure  V I-1 7 ) ,  i t  i s  seen  t h a t  the  g e n e r a l  shape o f  th e  curves  i s  
th e  same. However, the  d a ta  taken  in  th e  f i e l d  i s  c o n s id e ra b ly  h ig h e r  
in  th e  reg io n  from X ■ 0 .40  m icrons t o  X = 0 .55  m icrons . I t  appears  
th a t  t h i s  was caused  by th e  p h o to m u l t i p l i e r  tube b e in g  s a tu r a te d  
when read in g  from the  s tan d a rd  s u r fa c e  in  t h i s  re g io n  in  s p i t e  o f  th e  
p re c a u t io n s  taken  to  p rev en t  t h i s  from happening. The d e t e c to r  was 
n o t  s a tu r a te d  when re a d in g s  were b e in g  made from th e  t e s t  s u r f a c e .  The 
f i e l d  d a ta  was tak en  w ith  a  source  a n g le  o f  15 d eg rees  s in c e  t h i s  was 
th e  h ig h e s t  z e n i t h  an g le  reached  by th e  sun whereas the  l a b o ra to ry  d a ta  
was taken  a t  a so u rce  an g le  of ze ro  d e g re e s .  From F ig u re  VI-19 i t  i s  
seen  th a t  the  r e f l e c t a n c e  a t  a source  an g le  of z e ro  d eg rees  would be 
expec ted  to  be 15 to  20 p e rc e n t  h ig h e r  th an  th a t  ta k en  a t  a source 
an g le  o f  15 d e g re e s .  I t  should  be no ted  th a t  on th e  day on which t h i s  
d a ta  was ta k en , th e  sky was v e ry  c l e a r  and th e  monochramator en tra n ce  
s l i t  w id th  had been  reduced to  one m i l l im e te r  in  o rd e r  t o  t r y  to  keep 
from s a t u r a t i n g  th e  p h o to m u l t ip l ie r  tu b e .  I t  can a l s o  be seen from 
F ig u re  V II-4  t h a t  th e r e  i s  l i t t l e  v a r i a t i o n  in  the  b i d i r e c t i o n a l  
r e f l e c t a n c e  o f  Bermuda g ra s s  w ith  th e  r e l a t i v e  azim uth ang le  (¥ «cp -cp0 ) 
a t  £0 * 15° and 9 ■ 15°.
F ig u re  V II-5  shows th e  d a ta  taken  in  the  f i e l d  in  th e  in f r a r e d  
re g io n  on the  r e l a t i v e  b i d i r e c t i o n a l  r e f l e c t a n c e  o f  Bermuda g ra s s .
The composite d a ta  p o in t s  shown a re  an average  o f  th e  re a d in g s  taken  
a t  v a r io u s  s o l a r  a n g le s  th roughou t th e  day. This  d a ta  i s  seen  to  be 
s l i g h t l y  lower th a n  th a t  taken  in  th e  la b o ra to ry  in  t h i s  r e g io n .  These 
s l i g h t  d i f f e r e n c e s  cou ld  o r i g i n a t e  from a number o f  c a u s e s .  One of 
th e se  i s  the  d i f f e r e n t  s o l a r  z e n i th  and r e l a t i v e  azim uth an g le s  used 
in  tak in g  th e se  d a t a .  O ther f a c t o r s  in c lu d e  ex p e r im en ta l  e r r o r s  and
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and p o s s ib le  d i f f e r e n c e s  in  th e  c h a r a c t e r i s t i c s  o f  th e  two te B t  p l o t s  
from which the  la b o r a to r y  and the  f i e l d  d a ta  were tak en , in  p a r t i c u l a r  
the  d i f f e r e n c e  Ln the  s o i l  m o is tu re  c o n te n t .  Among the  c au se s  of 
e x p e r im e n ta l  e r r o r  which a f f e c t e d  the  d a ta  was the  v a ry in g  s o l a r  
r a d i a t i o n  due to  c lo u d s .  The day on which th e  in f r a r e d  d a t a  was 
o b ta in ed  w ith  the  p la t fo rm  mounted m i r ro r  i t  was c l e a r  in  th e  morning; 
however, by one o 'c l o c k  when th e  d a ta  shown in  F ig u re  V II -5  was ta k e n ,  
th e  sky had become f i l l e d  w i th  c lo u d s .  T h e re fo re ,  i t  was n e c e s sa ry  
to  e i t h e r  take d a ta  w h ile  the  sun was b locked  by c louds  o r  w a i t  f o r  
openings  in  the  c lo u d s  and take  th e  d a ta  as  q u ic k ly  as  p o s s i b l e .  Because 
o f  t h i s  problem, d a ta  was no t taken  a t  a s  many w aveleng ths  a s  had been 
done in  th e  v i s i b l e  r e g io n .  Also much o f  th e  d a ta  had to  be d is c a rd e d  
because  th e re  would be a  la rg e  change in  the  s o l a r  r a d i a t i o n  between the  
time re a d in g s  were made from the  t e s t  s u r fa c e  and th e  time t h a t  re a d in g s  
were made from the s ta n d a rd  s u r f a c e .
Data was a l s o  ta k en  to  see  i f  th e  e f f e c t  o f  the  s o l a r  z e n i t h  an g le  
on b i d i r e c t i o n a l  r e f l e c t a n c e  could be  o b ta in e d  u s in g  th e  p la t fo rm  
mounted m i r r o r .  These d a ta  were o b ta in e d  by ta k in g  re a d in g s  from the  
s ta n d a rd  and t e s t  s u r f a c e s  every  one-hour from abou t 9 o 'c l o c k  in  th e  
morning to  5 :30  o 'c lo c k  in  the  a f te r n o o n .  The d a ta  fo r  t e s t  run  103 
were tak en  w ith  a c o n s ta n t  viewing azim uth so t h a t  th e  same p lo t  was 
viewed th roughou t the  day . T es t run  104 was made by r o t a t i n g  th e  f o ld ­
ing  m i r r o r  so t h a t  th e  v iew ing  and s o l a r  p la n e s  were th e  same o r  180 
d eg rees  a p a r t .  The sky was c lo u d le s s  and the s o l a r  r a d i a t i o n  a s  
sensed by th e  s o l a r  r a d i a t i o n  r e c o r d e r  v a r ie d  by cos f o r  a l l  the  
d a ta  shown in  th e se  f i g u r e s .
I t  was found when comparing th e  re a d in g s  from th e  s o l a r  r a d i a t i o n
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r e c o r d e r  and th e  re a d in g s  tak en  w ith  th e  s p e c t ro ra d io m e te r  from th e  
s tan d a rd  s u r fa c e  th a t  th e  r e a d in g s  made w i th  th e  sp e c tro ra d io m e te r  
u s in g  the  p h o to m u l t ip l i e r  tube d e t e c t o r  d id  n o t  fo l lo w  a cos c u rv e .  
T h e re fo re ,  the  re a d in g s  made w ith  th e  p h o to m u l t i p l i e r  tube  from the  
s ta n d a rd  s u r fa c e  were assumed to  be i n v a l id  excep t f o r  th o se  made in  th e  
e a r l y  mornings and even ings  when th e  i n t e n s i t y  o f  the  s o l a r  r a d i a t i o n  
was low. These re a d in g s  made in  th e  e a r l y  morning and even ing  were 
then  c o r r e c te d  by th e  cos CQ t o  g iv e  c o r r e c te d  re a d in g s  from th e  s t a n ­
dard s u r f a c e  th ro u g h o u t th e  day. These c o r r e c te d  re a d in g s  were then  
d iv id e d  in to  th e  re a d in g s  made from th e  t e s t  s u r fa c e  t o  g ive  th e  
r e l a t i v e  b i d i r e c t i o n a l  r e f l e c t a n c e  d a ta  g iven  in F ig u re s  G -l  th rough  
G-7 in  Appendix G.
The d a ta  p lo t t e d  in  F ig u re s  G -l th rough  G-7 shows c o n s id e ra b ly  
more v a r i a t i o n  and a d i f f e r e n t  t re n d  from th a t  o b ta in e d  in  th e  la b o ra ­
to r y  and i s  c o n s id e re d  to  be e r ro n e o u s .  The p rim ary  item  which a f f e c t e d  
th e se  r e a d in g s  was v a r ia n c e  in  th e  power o u tp u t  o f  the  gas g e n e r a to r .  
These were th e  f i r s t  runs  made in  th e  f i e l d  and th e  gas  g e n e r a to r  was 
m is s in g  c o n s id e ra b ly  and a t  t im es  would cause  th e  r e a d in g s  to  drop o r  
r i s e  by 50 p e rc e n t  o r  more. The gas g e n e r a to r  was l a t e r  r e p a i r e d  and 
t h i s  problem c o r r e c t e d .  T h is  d a ta  was n o t  r e ta k e n  because  o f  th e  
w eather  c o n d i t io n s  which e x i s t e d  f o r  th e  rem ainder  o f  the  tim e a v a i l a b l e  
to  take  d a ta  w ith  th e  p la t fo rm  mounted m i r r o r .
F igures  G-8 th rough  G-16 p r e s e n t  a l l  th e  d a ta  ta k en  a t  v a r io u s  
s o l a r  a n g le s  in the  f i e l d  in  th e  in f r a r e d  r e g io n .  T es t  run  105 was 
taken  w ith  a c o n s ta n t  v iew ing azim uth so t h a t  th e  r e l a t i v e  azim uth (¥ ) 
was a v a r i a b l e .  This  d a ta  was taken  w ith  the  p la t fo rm  mounted m ir r o r  
bu t the  v iewing azim uth  was v a r ie d  so t h a t  V ■ 0° o r  H "  180°. T e s t
run  112 was made w ith  the  b a l lo o n  mounted m i r r o r .  For the  d a ta  taken  
w ith  th e  b a l lo o n /m l r r o r  system , th e  v iew ing  azim uth  was h e ld  c o n s ta n t .  
A l l  o f  th e se  d a ta  were o b ta in e d  by f i r s t  re a d in g  from th e  t e s t  s u r fa c e  
and then  re a d in g  from th e  s tan d a rd  s u r f a c e .  The two re a d in g s  were 
then compared to  g iv e  th e  r e l a t i v e  b i d i r e c t i o n a l  r e f l e c t a n c e .
A l l  o f  the  d a ta  taken  in  the  in f r a r e d  re g io n  was taken  on c loudy  
days . Because o f  t h i s  th e re  was c o n s id e ra b le  v a r i a t i o n  in th e  s o l a r  
r a d i a t i o n  w h ile  th e  re a d in g s  were b e in g  made. T h is  f a c t o r  in tro d u ced  
enough s c a t t e r  in  th e  d a ta  so t h a t  any v a r i a t i o n s  in  th e  r e f l e c t a n c e  
w i th  sou rce  an g le  cou ld  n o t  be found. T h e re fo re ,  on ly  an averag e  l i n e  
i s  drawn th rough  th e  d a t a .  At 1 ■ 0 .8 5 ,  1 .00  and 1 .25  m icrons the  d a ta  
tak en  w i th  th e  b a l lo o n  mounted m i r r o r  ap p ea rs  t o  show a  t re n d  which 
i s  much h ig h e r  than th e  averag e  c a l c u l a t e d .  Since t h i s  ap p ea rs  in  th e  
d a ta  on ly  a t  th e se  w aveleng ths  and th e  d a ta  a t  a l l  th e  w aveleng ths  fo r  
a p a r t i c u l a r  s o l a r  an g le  were c o l l e c t e d  a t  the  same time and in  the  
same manner fo r  each s o l a r  a n g le ,  th e r e  i s  no way to  e x p la in  th e  
phenomenon.
Data Taken With The B a l lo o n /M ir ro r  System
F ig u re s  V II-6  and V II -7  p r e s e n t  th e  f i e l d  d a ta  tak en  w ith  the  
b a l lo o n /m i r r o r  system  on the  r e f l e c t a n c e  o f  Bermuda g r a s s  a s  a  fu n c t io n  
o f  w aveleng th . A l l  o f  th e se  d a ta  were tak en  w ith  a c o n s ta n t  v iew ing  
azim uth  (cp) o f  270 d e g re e s .  Two runs  were made w i th  the  ph o to m u ltip lie r  
d e t e c t o r  on d i f f e r e n t  days w h ile  v iew ing  d i f f e r e n t  t e s t  p l o t s .  The 
d a ta  taken  in  the  in f r a r e d  re g io n  was made on a  t h i r d  day which was 
o v e r c a s t .  At th e  tim e th e se  runs  were made, th e re  had n o t  been  any 
r a i n  f o r  over a week, and the  f i e l d  was v e ry  d ry .  The s o i l  m o is tu re  
c o n te n t  was found to  be 17 p e rc e n t .
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The d a ta  tak en  w ith  th e  p h o to m u l t ip l i e r  tube  a s  a d e t e c to r  was 
made w i th  an e n tra n c e  and e x i t  s l i t  w id th  on the  monochromator o f  one 
m i l l i m e t e r .  However, th e  re a d in g s  tak en  from th e  s tan d a rd  s u r fa c e  from 
\  * 0 .4 0  to  \  “  0.55 m icrons used to  d iv id e  i n t o  the  re a d in g s  taken  
from th e  t e s t  su r fa c e  to  g e t  the  r e f l e c t a n c e  appeared  to  be in  e r r o r  
due to  s a t u r a t i o n  o f  the  d e t e c t o r .  Th is  caused th e  cu rv es  in  F ig u re  
V II-6  to  have a d i f f e r e n t  shape in  t h i s  re g io n  from the curve o b ta in ed  
in  th e  la b o r a to r y .  Two cu rv es  a re  shown in  F ig u re  V II-6  f o r  d a ta  tak en  
on two c o n se c u t iv e  days. The d a ta  p lo t t e d  f o r  t e s t  run  110 i s  too  h igh  
due to  an ex p e r im en ta l  e r r o r  caused by th e  a lignm en t o f  th e  s p e c t r o ­
ra d io m e te r  w ith  the  fo ld in g  m i r r o r .  This  problem was d isco v e re d  when 
the  s p e c t ro ra d io m e te r  was b ro u g h t back in to  th e  la b o ra to ry  and the  
a lig n m en t checked w ith  th e  te le sc o p e  e y e p ie c e .  However, s in c e  th e  
shape o f th e  curves  fo r  t e s t  run 110 and 111 which were tak en  on two 
d i f f e r e n t  days o f two d i f f e r e n t  t e s t  p l o t s  i s  the  same, the  a b i l i t y  
to  ta k e  c o n s i s t a n t  d a ta  w i th  the  tech n iq u e  used was s u b s t a n t i a t e d .
The r e l a t i v e  b i d i r e c t i o n a l  r e f l e c t a n c e s  a s  o b ta in ed  w i th  the  
b a l lo o n  mounted m ir r o r  in  th e  in f r a r e d  re g io n  were h ig h e r  than  th o se  
found in  the  l a b o r a to r y .  There was a l s o  a s l i g h t  d i f f e r e n c e  in  th e  
shape o f the  curve  in  the  n e a r  i n f r a r e d .  T h is  e f f e c t  was expec ted  
due to  the  d i f f e r e n c e  in  th e  s o i l  m o is tu re  c o n te n t  o f  th e  t e s t  p lo t  
viewed in the  f i e l d  w ith  th e  b a l lo o n /m i r r o r  system  and th e  t e s t  p lo t  
viewed in the  l a b o r a to r y .  The o v e r a l l  in c re a s e  in  th e  d a ta  o b ta in ed  
w ith  the  b a l lo o n  was e i t h e r  due to  the  a lignm ent problem o r  due to  a 
v a r i a t i o n  in the  s o l a r  r a d i a t i o n  w h ile  the  r e a d in g s  were b e in g  made 
due to  the  l i g h t  c louds p re s e n t  tn the  a r e a .
F ig u re s  V II-8  through V II-14  p re s e n t  th e  d a ta  on th e  v a r i a t i o n
of the  b i d i r e c t i o n a l  r e f l e c t a n c e  o f  Bermuda g ra s s  w ith  sou rce  ang le  
a s  tak en  w i th  th e  b a l lo o n  mounted m i r r o r .  P lo t te d  on each f ig u r e  
i s  th e  norm alized  curve o b ta in ed  f o r  th e  v i s i b l e  re g io n  in  th e  l a b o r a ­
to r y  f o r  th o se  d a ta .  I t  i s  seen t h a t  t h i s  d a ta  shows the  same g e n e ra l  
t re n d  a s  the  l a b o r a to r y  d a ta  excep t f o r  th e  f i e l d  d a ta  tak en  in  the  
a f te rn o o n  (¥ g r e a t e r  than  180°). The d a ta  i s  h ig h e r  in  the  a f te rn o o n  
between th e  so u rce  z e n i th  a n g le s  o f  10 to  30 d eg rees  due to  e x tra n eo u s  
l i g h t  be ing  reco rd ed  by th e  s p e c tro ra d io m e te r  when the  sun i s  n ea r  
th e  a lignm en t o f  the  sp e c tro ra d io m e te r  and the  fo ld in g  m i r r o r .
The d a ta  a s  shown in  F ig u r e s  V II-8  th rough  V I I - 14 was o b ta in e d  
by ta k in g  the read in g s  from th e  s ta n d a rd  s u r fa c e  e a r l y  in  th e  day 
and c o r r e c t in g  them by the  cos CQ- These re a d in g s  were then  d iv id ed  
in to  th e  re a d in g s  taken  from th e  t e s t  p l o t  w ith  th e  f o ld in g  m ir ro r  
mounted u n d e rn ea th  the  b a l lo o n  system . The s tan d a rd  s u r fa c e  re a d in g s  
were made us in g  th e  p la t fo rm  mounted f o ld in g  m i r r o r .  The days on 
which t e s t  runs  110 and 111 were made were c l e a r .  Most o f  th e  f i r s t  
day in  which t e s t  run 110 was made was sp en t in  launch ing  th e  b a l lo o n  
and s e t t i n g  up the  equipm ent.
C onclusions
I t  was shown from th e  f i e l d  t e s t s  t h a t  the  b i d i r e c t i o n a l  r e f l e c ­
ta n ce  o f  la rg e  t e s t  p lo t s  could be o b ta in e d  us in g  th e  concep t o f  a 
fo ld in g  m i r r o r .  T h is  type  o f  d a ta  was o b ta in ed  bo th  w ith  th e  fo ld in g  
m ir ro r  mounted on a p la t fo rm  and w ith  th e  f o ld in g  m i r r o r  mounted 
u n d e rn ea th  a b a l lo o n .  Between the  w eather  and d i f f i c u l t i e s  w ith  the  
equipment most o f  the  d a ta  taken  on the  v a r i a t i o n  o f  the  r e f l e c t a n c e  
w ith  source  an g le  was e i t h e r  in v a l id  o r  co n ta in ed  too  much s c a t t e r  
to  v e r i f y  a t re n d  in the  d a ta .  In o rd e r  t o  r e a l l y  u n d e rs tan d  the
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e f f e c t s  o f  a v a r i a b l e  l i k e  source  a n g le  on th e  r e f l e c t a n c e  o f  a  p a r ­
t i c u l a r  n a t u r a l  s u r fa c e  much more d a ta  than  was o b ta in e d  in  t h i s  
experim ent must be taken .
I t  was a l s o  concluded from th e  f i e l d  t e s t s  t h a t  th e  s p e c t r o ­
ra d io m e te r  a s  d e sc r ib e d  in  C hapter IV was n o t  w e l l  s u i t e d  f o r  f i e l d  
use- In p a r t i c u l a r ,  th e  p h o to m u l t ip l ie r  tube d e t e c t o r  has too  low a 
s a t u r a t i o n  p o in t  to  be used in  n a t u r a l  l i g h t  and e s p e c i a l l y  w ith  an 
e ig h t  inch c o l l e c t o r .  A nother problem t h a t  a ro s e  when u s in g  th e  
sp e c tro ra d io m e te r  in the  f i e l d  was a lignm ent w ith  th e  f o ld in g  m i r r o r .  
This  was no t a problem in  th e  l a b o r a to r y  where th e r e  was p le n ty  of 
time to  use the  p h o to m u l t ip l ie r  d e t e c t o r  t o  check th e  spo t be in g  viewed 
and to  a l i g n  the  t e le s c o p e  eyep iece  w ith  t h a t  p o i n t .  However, in  th e  
f i e l d  when the  ra d io m e te r  i s  moved each day and must be r e a l i g n e d ,  
th e r e  i.s no t enough time a v a i l a b l e  to  a l i g n  the  system  each day i f  
runs  a re  to  be made b eg in n in g  e a r l y  in  th e  m orning. T h is  i s  f u r t h e r  
com plica ted  i f  th e  b a l lo o n  has to  be lowered and r e f i l l e d  a l s o .  T here­
f o r e ,  i t  was concluded t h a t  a qu ick  way to  check th e  a lig n m en t o f  th e  
s p e c t ro ra d io m e te r  w ith  th e  fo ld in g  m ir r o r  be d ev ised  b e fo re  f u r t h e r  
f i e l d  t e s t s  a re  conducted w ith  the  system .
A nother co n c lu s io n  made was t h a t  when the  sun was s h in in g  
th rough c louds t h a t  good re a d in g s  cou ld  no t r e a d i l y  be made. I t  had 
been hoped t h a t  by re a d in g  from both  th e  s tan d a rd  and t e s t  s u r f a c e s  
t h a t  the  e f f e c t s  o f  cloud  cover on the  s o l a r  r a d i a t i o n  could be 
e l im in a te d .  However, i t  was found t h a t  the  s o l a r  i r r a d i a t i o n  can vary  
as  much as  50 p e rc e n t  w i th in  s e v e r a l  m inu tes  when th e  sun i s  beh ind  
c lo u d s .  Because o f  t h i s  i t  i s  recommended th a t  f i e l d  d a ta  be taken  
only  on c l e a r  days and th a t  re a d in g s  from the  s ta n d a rd  s u r f a c e  be
180
checked on ly  one o r  two tim es d u rin g  th e  day to  g e t  an average  re a d in g  
a f t e r  c o r r e c t in g  by the  cos Cq . C a lc u la te d  re a d in g s  from th e  s tan d a rd  
s u r fa c e  can then be o b ta in e d  f o r  any tim e o f  th e  day by us in g  the  
cos where i s  o b ta in e d  from the  program d e sc r ib e d  in  Appendix F.
The f i n a l  c o n c lu s io n s  a r e  about th e  use  o f  th e  b a l lo o n  system  
f o r  p o s i t io n in g  a f o ld in g  m i r r o r .  The te ch n iq u e  was found to  work 
w e l l ;  however, I t  involved  a g r e a t  d e a l  o f  time and e f f o r t  to  make 
th e  system work p ro p e r ly .  I t  was seen t h a t  i t  i s  im p e ra t iv e  t h a t  th e  
b a l lo o n  system be used o n ly  a t  t im es when th e  w eather i s  good. T h is  
e l im in a te s  a l l  b u t  a few months o f  the  y ear  f o r  Southern  L o u is ia n a .  
A lso  due to  th e  d i f f i c u l t y  found in  u s in g  th e  b a l lo o n  system , i t  I s  
recommended t h a t  the  p la t fo rm  mounted m i r r o r  method be used u n le s s  
the  a r e a  to  be viewed i s  so l a r g e  t h a t  t h i s  tech n iq u e  can not be made 
to  work.
CHAPTER V II I  
SUMMARY AND CONCLUSIONS
A te ch n iq u e  based on the  concep t o f  u s in g  a  l a r g e  f i r s t  s u r f a c e  
r e f l e c t o r  as  a  f o ld in g  m ir ro r  was developed in  o rd e r  to  o b ta in  b i ­
d i r e c t i o n a l  r e f l e c t a n c e  d a ta  from la rg e  in t e g r a t e d  n a t u r a l  s u r f a c e s .
The tech n iq u e  c o n s i s te d  o f  u s in g  a s p e c t ro ra d io m e te r  w i th  a  sm all  
an g u la r  f i e l d  o f  v iew . The s p e c t ro ra d io m e te r  i s  mounted on a  t u r n ­
t a b l e  w ith  t h r e e  d eg rees  o f  freedom. Readings o f  r e f l e c t e d  energy  
a re  made by p o s i t i o n in g  th e  ra d io m e te r  to  read  from th e  f o ld in g  m ir ro r  
which r e f l e c t s  th e  en e rg y  from th e  s u r f a c e  b e in g  t e s t e d  t o  th e  
r a d io m e te r .  R e f le c ta n c e  i s  o b ta in e d  by d iv id in g  th e  re a d in g s  made 
from a t e s t  s u r fa c e  by re a d in g s  made from a s ta n d a rd  s u r f a c e .
The te ch n iq u e  was used in  t h r e e  ways t o  o b ta in  r e f l e c t a n c e  d a t a .  
The f i r s t  d a ta  was ta k e n  by s e t t i n g  up th e  equipment in  th e  l a b o r a to r y .  
In  t h i s  c a se  th e  f o ld in g  m ir ro r  was mounted on a moveable p la t fo rm  
which was s t a t i o n e d  some 60 f e e t  from th e  s p e c t ro r a d io m e te r .  The 
t e s t  p l o t s  were p laced  in  a pan b en ea th  the  f o ld in g  m ir ro r .  The 
view ing an g le  f o r  a l l  th e  d a ta  ta k en  was 15 d eg rees  from the  norm al. 
This  method was used to  ta k e  b i d i r e c t i o n a l  r e f l e c t a n c e  d a ta  on S a in t  
A ugustine  and Bermuda g ra s s  and b la c k  a l lu v iu m  s o i l .  D ata was tak en  
in  a w aveleng th  range  from 0 .3 3  m icrons to  3 .0  m icrons and a t  sou rce  
an g le s  from -60  d eg rees  to  +60 d eg rees  from th e  norm al. Photolamps 
were used as th e  sou rce  f o r  th e  d a ta  taken  in  th e  l a b o r a to r y .
A second s e t  o f  d a t a  on the  r e f l e c t a n c e  o f  Bermuda g ra s s  was 
tak en  in  th e  f i e l d .  T h is  d a ta  was ta k en  in  a s im i l a r  manner to  t h a t  
d e sc r ib e d  above excep t t h a t  th e  f o ld in g  m ir ro r  mounted on th e  moveable
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p la t fo rm  was 150 f e e t  from the  s p e c t ro r a d io m e te r .  Also th e  sun 
became th e  so u rce  in  th e  f i e l d  t e s t s ,  and th e  ra d io m e te r  was powered 
by an e l e c t r i c a l  gas-powered g e n e r a to r .  A t h i r d  s e t  o f  d a t a  on the  
r e f l e c t a n c e  o f  Bermuda g r a s s  was o b ta in ed  by mounting th e  f o ld in g  
m ir ro r  100 f e e t  in  th e  a i r  w ith  a t e th e r e d  b a l lo o n  system . Data was 
ta k en  in  the  same manner a s  b e fo re  ex cep t  t h a t  th e  f o ld in g  m ir ro r  was 
lo c a te d  a t  a d i f f e r e n t  p l a c e ,  and th e r e  was sm all  v a r i a t i o n  in  th e  
e x a c t  p lo t  o f  g ra s s  viewed due to  s l i g h t  o s c i l l a t i o n s  o f  th e  f o ld in g  
m ir ro r  ( t e s t  runs  110, 111 and 112).
In  o rd e r  to  make r e f l e c t a n c e  re a d in g s  a s p e c t ro ra d io m e te r  was 
designed  around e x i s t i n g  l a b o r a to r y  equipment and b u i l t .  An e ig h t  
inch  C e le s t ro n  8 te le s c o p e  was a v a i l a b l e  and was used as  th e  c o l l e c t i n g  
o p t i c s .  A P e rk in  Elmer Model 99 monochromator was a l s o  a v a i l a b l e  and 
was used as th e  w avelength  and bandwidth s e l e c t o r .  Focusing  and 
m atching o p t i c s  to  t r a n s f e r  th e  energy  from th e  t e le s c o p e  t o  th e  
monochromator were des ig n ed  and b u i l t .  A 1P28 p h o to m u l t i p l i e r  tube  
was used as th e  d e t e c to r  i n  th e  u l t r a v i o l e t  and v i s i b l e  p o r t i o n s  o f  
th e  e le c t ro m a g n e t ic  energy  spectrum . A lead  s u l f i d e  d e t e c t o r  was used 
in  the  r e g io n  from 0 .6 8  m icrons to  3 .0  m ic ro n s .  A l l  o f  t h e  o p t i c a l  
and d e t e c to r  p o r t io n s  o f  t h e  sp e c t ro ra d io m e te r  were mounted on a  
t u r n t a b l e  to  g iv e  th r e e  d im en s io n a l  freedom t o  the  system . The e n t i r e  
d e v ic e  was p la c e d  in  th e  back  o f a  t r u c k  when ta k in g  f i e l d  d a ta .
A Perk in-E lm er Model 13 a m p l i f ie r  was used  w ith  th e  s p e c t r o ­
r a d io m e te r .  The a m p l i f ie d  s ig n a l  was re c o rd e d  e i t h e r  on a  Leeds and 
N orth rup  Speedomax G s t r i p  c h a r t  r e c o rd e r  o r  re a d  from a d i g i t a l  
v o l tm e te r .  C o n tro l  o f  th e  sp e c tro ra d io m e te r  was made th rough  the  
e l e c t r i c a l  system  which was mounted in  a 19 inch  ra c k .  C ables  which
were e a s i l y  d i s c o n n e c te d  were used  t o  c o n n ec t  th e  r a c k  mounted and 
t u r n t a b l e  mounted p o r t i o n s  o f  th e  s p e c t r o r a d i o m e t e r .
A nother m ajor sy s tem  d e s ig n e d  f o r  t h i s  i n v e s t i g a t i o n  was a  
t e t h e r e d  b a l lo o n  sys tem  u sed  t o  p o s i t i o n  t h e  f o l d i n g  m i r r o r  above 
th e  g ro u n d . T h is  sy s tem  was d e s ig n e d  and t e s t e d  u s in g  800 c u b ic  f o o t  
b a l l o o n s .  From t h e s e  t e s t s  i t  was found t h a t  a  m i r r o r  c o u ld  be 
p o s i t i o n e d  w i th  a  t e t h e r e d  b a l l o o n  s y s te m  w i th  l i t t l e  l a t e r a l  movement. 
However, i t  was found t h a t  one t o  two d e g re e s  o f  a n g u la r  o s c i l l a t i o n s  
c o u ld  be e x p e c te d  from th e  f o l d i n g  m i r r o r .  A f i n a l  b a l l o o n  sy s tem  
was launched  and u sed  t o  t a k e  r e f l e c t a n c e  d a t a .  The f i n a l  system  
u t i l i z e d  a  1200 c u b ic  f o o t  b a l l o o n .  T h ree  m ain c a b l e s  were u sed  to  
p o s i t i o n  t h e  b a l l o o n .  T hese  c a b le s  w ere  wound on w in ch es  w hich w ere 
a t t a c h e d  to  i r o n  s t a k e s  i n  th e  g ro u n d .  T h ree  s m a l l e r  c a b l e s  were  
u sed  t o  p o s i t i o n  th e  f o l d i n g  m i r r o r  w hich was a t t a c h e d  u n d e rn e a th  t h e  
b a l l o o n .  The o s c i l l a t i o n s  o f  t h e  f o l d i n g  m i r r o r  u sed  on th e  f i n a l  
sy s tem  was found to  be l e s s  th a n  one d e g re e .
D ata  was o b ta in e d  on th e  r e l a t i v e  b i d i r e c t i o n a l  r e f l e c t a n c e  
( r a t i o  o f  r e a d in g s  ta k e n  from  a t e s t  s u r f a c e  t o  t h e  r e a d in g s  ta k e n  
from  a s t a n d a r d  s u r f a c e  u n d e r  th e  same c o n d i t i o n s )  o f  S a in t  A u g u s t in e  
g r a s s ,  Bermuda g r a s s  and b la c k  M i s s i s s i p p i  d e l t a  a l lu v iu m  s o i l .  T h is  
d a t a  was t a k e n  w i th  a  v ie w in g  a n g le  o f  15 d e g re e s  from  th e  norm al 
and a t  s o u rc e  a n g le s  o f  z e ro  and 15 d e g r e e s .  D a ta  was a l s o  o b ta in e d  
on t h e  v a r i a t i o n s  i n  t h e  b i d i r e c t i o n a l  r e f l e c t a n c e  w i th  s o u rc e  a n g le  
f o r  t h e  t e s t  s u r f a c e s  m e n tio n ed . T h is  d a t a  was ta k e n  b o th  in  th e  
l a b o r a t o r y  and i n  th e  f i e l d  f o r  Bermuda g r a s s .
T h ere  were a  number o f  c o n c lu s io n s  w hich  r e s u l t e d  from  th e  
i n v e s t i g a t i o n .  T hese  c o n c lu s io n s  f e l l  i n t o  f o u r  c a t e g o r i e s ;  th o s e
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h a v in g  t o  do w i th  th e  te c h n iq u e  d e v e lo p e d ;  th o s e  a b o u t  t h e  d e s ig n  and 
u se  o f  th e  s p e c t r o r a d io m e te r ;  th o s e  d e a l i n g  w i th  th e  t e t h e r e d  b a l lo o n  
sys tem ; and th o s e  t h a t  r e s u l t e d  from  th e  r e f l e c t a n c e  d a t a  t a k e n .  A l l  
o f  t h e s e  a r e a s  a r e  d i s c u s s e d  i n  t h e  f o l l o w in g  p a r a g r a p h s .
The te c h n iq u e  o f  t a k i n g  r e f l e c t a n c e  d a t a  by u s in g  a  l a r g e  f i r s t  
s u r f a c e  r e f l e c t o r  as  a  f o l d i n g  m i r r o r  was found t o  work e x t r e m e ly  
w e l l .  The d a t a  r e c e i v e d  u s in g  t h i s  te c h n iq u e  was c o n s i s t e n t  and 
r e p e a t a b l e .  The r e f l e c t a n c e  d a t a  g e n e r a te d  from  t h e  g r a s s e s  a l s o  
a g re e d  i n  g e n e r a l  w i th  th e  d a t a  p r e s e n t e d  i n  c u r r e n t  l i t e r a t u r e  f o r  
s i m i l a r  s u b s t a n c e s .  The m ajor a d v a n ta g e  t o  t h e  te c h n iq u e  i s  t h a t  i t  
a l lo w s  l a r g e  a r e a s  o f  a  n a t u r a l  s u r f a c e  to  be u sed  i n  o b t a i n i n g  
r e f l e c t a n c e  d a t a .  The t e c h n iq u e  o f  u s in g  a  f o l d i n g  m i r r o r  a l s o  a l lo w s  
th e  s p e c t r o r a d i o m e t e r  o r  o t h e r  ty p e  o f  d e t e c t o r  sy s tem  t o  be  p la c e d  
on th e  same g e n e r a l  l e v e l  a s  t h e  s u r f a c e  view ed and s t i l l  t o  t a k e  
d a t a  on th e  en e rg y  b e in g  r e f l e c t e d  above th e  s u r f a c e .
I t  was fo u n d , as  e x p e c te d ,  t h a t  much b e t t e r  d a t a  c an  be  o b ta in e d  
when th e  t e c h n iq u e  i s  used  i n  t h e  l a b o r a t o r y .  I t  i s  t h e r e f o r e  
recommended t h a t  t h e  t e c h n iq u e  b e  u sed  e n t i r e l y  i n  t h e  l a b o r a t o r y  to  
r e c e i v e  d a t a  u n l e s s  a tm o sp h e r ic  o r  s o l a r  e f f e c t s  a r e  t o  be s t u d i e d .
I t  w i l l  a l s o  be  n e c e s s a r y  t o  t a k e  d a t a  i n  t h e  f i e l d  i f  t h e  l a b o r a t o r y  
i s  n o t  l a r g e  enough t h a t  th e  d i s t a n c e  betw een  t h e  d e t e c t o r  sy s tem  and 
th e  s u r f a c e  v iew ed a l lo w s  a l a r g e  enough f i e l d  o f  v iew  to  i n c lu d e  a 
w e l l  i n t e g r a t e d  sam ple o f  t h e  s u r f a c e  t o  be s t u d i e d .  I t  i s  n o t  
recommended t h a t  t h e  b a l l o o n  sy s tem  b e  u sed  to  p o s i t i o n  th e  f o l d i n g  
m i r r o r  i n  th e  f i e l d  u n l e s s  i t  i s  t h e  o n ly  way p o s s i b l e  to  o b t a i n  
th e  d a t a  r e q u i r e d  due t o  t h e  c o m p le x i t i e s  and d i f f i c u l t i e s  e n c o u n te re d  
when u s in g  t h i s  sy s tem .
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The sp e c tro ra d io m e te r  t h a t  was des ig n ed  and b u i l t  was a l s o  
found to  work ex trem e ly  w e ll  in  th e  l a b o r a to r y .  I t  was p o s s ib l e  w ith  
th e  system  to  r e c o rd  r e f l e c t a n c e  d a ta  f o r  v e ry  narrow bandw idths o f  
energy  from 0 .30  t o  3 .0  m ic rons . The system  a lso  re c o rd ed  th e  energy 
in  a v e ry  sm all  a n g u la r  f i e l d  o f  v iew . The b ig g e 3 t  problem  enco u n te red  
w ith  th e  system was s a t u r a t i o n  o f  th e  p h o to m u l t ip l i e r  tube  d e t e c t o r .  
Th is  problem was e a s i l y  remedied in  th e  l a b o r a to r y  t e s t s  by u s in g  a 
lower i n t e n s i t y  so u rc e .  Because o f  t h i s  problem i t  i s  no t 
recommended t h a t  the  s p e c tro ra d io m e te r  as  p r e s e n t l y  c o n f ig u re d  be used 
in  f i e l d  t e s t s  due to  th e  h igh  i n t e n s i t y  o f  the  s o l a r  r a d i a t i o n .
However t h i s  problem could  be so lved  by u s in g  a d i f f e r e n t  type  o f  
d e t e c t o r  in  th e  v i s i b l e  r e g io n  o r  by u s in g  some type o f  t ra n s m is s io n  
f i l t e r  to  reduce  th e  i n t e n s i t y  o f  th e  energy  re c e iv e d  i n  th e  v i s i b l e  
r e g io n .
The use  o f  a  t e th e r e d  b a l lo o n  system  to  p o s i t i o n  an o b j e c t  such 
as a f o ld in g  m ir ro r  a t  a  p o in t  i n  the  sky worked o n ly  a s  long as the  
b a l lo o n  s tay ed  f u l l y  i n f l a t e d  and th e  winds were no t too  s e v e re .
When th e  system  worked as d e s ig n e d ,  th e  m ir ro r  cou ld  be p o s i t io n e d  
w ith  l a t e r a l  movements o f  l e s s  than  one inch  and w ith  a n g u la r  move* 
ments o f  l e s s  th an  one o r  two d e g re e s .  The b ig g e s t  problem w ith  th e  
system  used  in  th e s e  i n v e s t i g a t i o n s  was t h a t  the  b a l lo o n s  used d id  
n o t  meet th e  s p e c i f i c a t i o n s  o f  th e  o r i g i n a l  d e s ig n  s tu d y .  The b a l lo o n s  
had a  h igh  le ak  r a t e ,  d id  no t m a in ta in  t h e i r  aerodynamic shape d u r in g  
g u s ty  winds and th e  s t a b i l i z e r s  d id  n o t  o p e r a te  p r o p e r ly .  I t  i s  no t 
recommended t h a t  f u r t h e r  work be done i n  t h i s  a re a  u n le s s  i t  i s  found 
t h a t  b a l lo o n s  can  be purchased  o r  b u i l t  which a re  b e t t e r  d e s ig n ed  to  
meet th e  re q u ire m e n ts  o f  a  t e th e r e d  system  as  o u t l in e d  in  t h i s  r e p o r t .
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A c o n s id e ra b le  amount o f  r e f l e c t a n c e  d a ta  was o b ta in e d  on g ra s s e s  
and s o i l s  d u r in g  th e  i n v e s t i g a t i o n s .  I t  was found t h a t  s o i l s  and 
g ra s s e s  have a  low r e f l e c t a n c e  i n  th e  v i s i b l e  r e g io n .  In  th e  i n f r a r e d  
r e g io n ,  th e  r e f l e c t a n c e  o f  g ra s s  i s  v e ry  h igh  from 0 .7 5  t o  0 ,90  
m ic rons , whereas th e  r e f l e c t a n c e  o f  s o i l s  i s  low in  t h i s  a r e a .  F u r th e r  
ou t in  th e  i n f r a r e d  re g io n  (1 .5  microns to  3 .0  m icrons) th e  b i ­
d i r e c t i o n a l  r e f l e c t a n c e  cu rves  o f  th e  two s u r f a c e s  a re  v e ry  s i m i l a r .
I t  was found from th e  l a b o r a to r y  t e s t s  t h a t  in  th e  u l t r a v i o l e t  r e g io n  
th e  r e f l e c t a n c e  o f  th e  s o i l  was much h ig h e r  th a n  th e  r e f l e c t a n c e  o f  
th e  g r a s s e s .  As e x p e c te d ,  t h e r e  was a  c h a r a c t e r i s t i c  peak i n  th e  
r e f l e c t a n c e  o f  the  g ra s s e s  in  t h e  v i s i b l e  r e g io n  n ear  0 .5 4  m icrons  
which i s  a s s o c ia te d  w ith  th e  g re e n  c o lo r  o f  th e  g r a s s e s .
D ata was a l s o  ta k e n  on th e  v a r i a t i o n s  i n  th e  b i d i r e c t i o n a l  
r e f l e c t a n c e  w ith  so u rc e  a n g le .  I t  was found t h a t  s i g n i f i c a n t  v a r i a t i o n s  
d id  e x i s t  and th a t  th e se  v a r i a t i o n s  were v e ry  d i f f e r e n t  f o r  th e  s o i l  
and g r a s s e s .  I t  was found th a t  f o r  one o f  th e  g r a s s e s  and th e  s o i l  
s tu d ie d  t h a t  the  v a r i a t i o n s  in  th e  r e f l e c t a n c e  d a ta  showed s i g n i f i c a n t  
changes as a f u n c t io n  o f  w aveleng th .
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C h a r a c t e r i s t i c s  o f  Therm al R a d i a t i o n
A l l  b o d ie s  a t  a  t e m p e ra tu re  above a b s o lu t e  z e r o  e m it  e n e r g y  due 
t o  th e  te m p e r a tu r e  o f  t h e  body . T h i s  e n e rg y  i s  n o rm a l ly  r e f e r r e d  t o  
as  th e rm a l  r a d i a t i o n .  Therm al r a d i a t i o n  i s  a s s o c i a t e d  w i th  t h e  
m o le c u la r  v i b r a t i o n  a n d /o r  r o t a t i o n  o f  a  sy s tem  and a s  such  i s  a 
f u n c t i o n  n o t  o n ly  o f  t h e  t e m p e r a tu r e  o f  th e  sy s tem  b u t  a l s o  th e  
s u b s ta n c e  and m o le c u la r  s t r u c t u r e  o f  w hich th e  sy s te m  i s  made. Energy 
e m i t t e d  i n  t h e  same w av e le n g th  ra n g e  a s  th e rm a l  r a d i a t i o n  due to  non- 
th e rm a l  e f f e c t s  i s  p o s s i b l e  b u t  i s  n e g l i g i b l e  f o r  most c a s e s .
The t o t a l  amount o f  th e rm a l  e n e rg y  e m i t te d  from  a body c a n  be
4  r  -|
o b ta in e d  from th e  S te fa n -B o ltz m a n n  law , E * ecfT L 5 4 J . I n  t h i s  r e l a t i o n ­
s h i p ,  E i s  t h e  t o t a l  amount o f  e n e rg y  e m i t te d  by t h e  body, e i s  th e  
t o t a l  e m i t t a n c e  o f  th e  body , <7 i s  th e  S te fa n -B o l tz m a n n  c o n s t a n t  and T 
i s  t h e  a b s o l u t e  t e m p e r a tu r e .  The t o t a l  e m i t t a n c e  i s  d e f in e d  a s  th e  
r a t i o  o f  th e  t o t a l  e n e rg y  e m i t t e d  from  a  r e a l  body t o  t h a t  e m i t t e d  
from  a  b l a c k  o r  p e r f e c t  body a t  t h e  same t e m p e r a tu r e .
A b la c k  body i s  an  i d e a l  body o r  s u r f a c e  w hich i s  a  p e r f e c t  
r a d i a t o r  and a  p e r f e c t  a b s o r b e r  o f  th e rm a l  e n e r g y .  T h e r e f o r e ,  f o r  a  
b la c k  body th e  e n e rg y  e m i t t e d  i s  a  f u n c t i o n  o n ly  o f  th e  te m p e r a tu r e  o f  
t h e  body and i s  t h e  maximum amount o f  th e rm a l  e n e rg y  w hich a  body a t  
t h a t  t e m p e r a tu r e  c an  e m i t .  T h is  i d e a l  c a s e  i s  c a l l e d  a  b l a c k  body 
s in c e  such  a  s u r f a c e  would ap p ea r  b l a c k  t o  th e  eye  a t  room te m p e r a t u r e .  
S u r f a c e s  which a p p ea r  b l a c k ,  how ever, a r e  n o t  b l a c k  b o d ie s .  For 
i n s t a n c e  s o o t  w hich a p p e a rs  b la c k  t o  t h e  eye a b s o r b s  on ly  95 p e r c e n t  
o f  t h e  th e rm a l  r a d i a t i o n  r a t h e r  th a n  100 p e r c e n t  w hich would be  
n e c e s s a r y  t o  c l a s s i f y  i t  as  a b la c k  b o dy . A b l a c k  body i s  b e s t
r e p re s e n te d  n a t u r a l l y  by u s in g  a hollow e n c lo s u re  w i th  on ly  a  sm a ll  
ho le  i n  i t .  The h o le  can  th e n  be c o n s id e re d  a b la c k  body.
Max P lan ck , n ear  the  tu r n  o f  the  c e n tu r y ,  developed t h e o r e t i c a l l y  
an e q u a t io n  f o r  th e  i n t e n s i t y  o f  the  th e rm a l energy  b e in g  e m it te d  from 
a b la c k  body as a  fu n c t io n  of w aveleng th . P lanck  u s in g  th e  quantum 
th e o ry  t h a t  r a d i a t i o n  i s  made up o f  a  m u l t i tu d e  o f  f i n i t e  p a r t s  found 
t h a t  th e  d i s t r i b u t i o n  o f  monochromatic, u n p o la r iz e d  the rm al energy  
e m it te d  by a  p e r f e c t  system  o f  d ip o le  o s c i l l a t o r s  ( t h a t  i s ,  a  p e r f e c t  
e m i t t e r  which i s  a b la c k  body) i s
E -  c i ; i  1
b \  ^5 Lexp (C^/XT) - l J
where
= monochromatic energy  e m it te d  normal to  th e  s u r fa c e  
X = w aveleng th  o f  e m it te d  energy  
= 5 .889  x 10 6  e rg  ^-cm ^/sec 
C2  = 1.43879 cm-°K 
T h is  d i s t r i b u t i o n  i s  shown p l o t t e d  in  F ig u re  A - l .  By d i f f e r e n t i a t i n g  
w i th  r e s p e c t  to  X and s e t t i n g  e q u a l  to  z e ro ,  i t  can  be shown t h a t  t h i s  
r e l a t i o n s h i p  obeys W ien 's  d isp lacem en t law t h a t  i s  a c o n s ta n t  [553 .
Perform ing  th e  c a l c u l a t i o n s  r e s u l t s  in
X T = 0 .2883 cn**°K max
which co rre sponds  to  e x p e r im en ta l  r e s u l t s .  Th is  l i n e  i s  shown p l o t t e d  
in  F ig u re  A - l .  The monochromatic l i n e a r  p o la r iz e d  r a d i a n t  energy  
normal to  th e  r a d i a t i n g  s u r fa c e  i s  E ^ / 2 .  The monochromatic r a d i a t i o n  
in  the  h e m isp h e r ica l  space above a r a d i a t i n g  s u r f a c e  e lem ent i s
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FIGURE A-l. EMISSIVE POWER OF A BLACK BODY 
AS A FUNCTION OF TEMPERATURE AND WAVELENGTH
By i n t e g r a t i n g  to  f in d  th e  a r e a  under th e  cu rv es  i n  F ig u re  A - l ,  
the  t o t a l  energy  (E) e m it te d  from a b la c k  body can be found . This  
g iv es  th e  same r e s u l t s  as f o r  th e  t o t a l  energy  r a d i a t i n g  from a 
s u r fa c e  as o b ta in ed  w ith  the S te fan -B oltzm ann  e q u a t io n  when the  
em ittan ce  (e )  i s  u n i t y .  T h e re fo re ,
CO
■ b - J  Eb Xd X - ° T4O
I t  i s  no ted  from F ig u re  A -l t h a t  as th e  te m p e ra tu re  o f  a  b la c k  
body in c r e a s e s  th e  peak o f  th e  energy  r a d i a t e d  i s  s h i f t e d  t o  a s h o r t e r  
w aveleng th . Also t h e r e  i s  a sh a rp  d e c l in e  i n  th e  i n t e n s i t y  o f the  
energy  e m it te d  a t  w aveleng ths  s h o r t e r  th a n  th e  w avelength  a t  which th e  
maximum energy  i s  e m i t t e d .  T h is  accoun ts  f o r  an  o b j e c t  n o t  f low ing  
o r e m i t t in g  r a d i a t i o n  i n  th e  v i s i b l e  r e g io n  u n t i l  a  c e r t a i n  tem p era tu re  
i s  r e a c h e d .  An o b je c t  as i t  i s  h ea ted  w i l l  f i r s t  glow d u l l  re d  as i t  
g e t s  h o t  enough to  j u s t  em it in  the  v i s i b l e  r e g io n .  As th e  te m p e ra tu re  
i s  in c re a s e d ,  th e  o b j e c t  w i l l  glow more i n t e n s e l y  and become y e llo w , 
w h i te ,  and th en  b lu i s h  in  c o lo r .
Most th e rm a l r a d i a t i o n  re c e iv e d  on th e  e a r t h  comes from th e  sun .
A p l o t  o f  the  s o l a r  s p e c t r a l  i r r a d i a n c e  i s  g iv e n  in  F ig u re  A-2. This
cu rve  was o r ig i n a t e d  by NASA [56] and a t  p r e s e n t  i s  co n s id e red  th e
b e s t  e s t im a te  o f  the  s o l a r  s p e c t r a l  i r r a d i a n c e  o f  the  e a r t h  a t  th e
average  s u n - e a r th  d i s t a n c e  in  th e  absence o f  th e  e a r t h ' s  a tm osphere .
Using th e  s ta n d a rd  cu rv es  developed by NASA, th e  i n t e g r a t e d  v a lu e  o f
2the  s o l a r  energy  re c e iv e d  by th e  e a r t h  i s  135.1 mw/cm .
Using th e  NASA d a t a  th e  e f f e c t i v e  b la c k  body te m p e ra tu re  o f  the  
sun was found to  be 5 6 3 0 .7°K, T h is  was c a l c u l a t e d  by f in d in g  th e  
te m p e ra tu re  o f  th e  norm alized  blackbody cu rv e  which minimized th e  a re a
FIGURE 
A-2. SOLAR 
SPECTRAL 
IRRADIANCE
IRRADIANCE (W atts/cm 2 - °K)
I
m
r
m
z
o
H
X
o2 roo
bo
O
h>
4
a>
oo
ro
b
ro
io
ro
861
199
e n c lo sed  between th e  b lackbody curve  and th e  s ta n d a rd  s o la r  c u rv e .  I f  
th e  tem p era tu re  o f  th e  sun I s  computed by W ien 's  d isp lacem en t law;
th a t  i s ,  X T =* c o n s ta n t  from F ig u re  A-2 ,  th e  s u n 's  te m p e ra tu re  i smax
found t o  be G166°K. X was ta k e n  to  be a t  0 ,47u . Using th e  S te fa n -max
Boltmann e q u a t io n ,  th e  te m p e ra tu re  o f  t h e  sun i s  c a l c u l a t e d  to  be
o —1 25762 K. The S tefan-B oltm ann  c o n s t a n t ,  c ,  has a v a lu e  o f  5 .6699 x 10
w a tts  pe r  sq cm-°K^ [5 7 ] .
Thermal energy  i s  c a te g o r iz e d  a cco rd in g  to  th e  w aveleng th  o f  th e  
e m it te d  or r e f l e c t e d  energ y . The v i s i b l e  r e g io n  i s  from 0 .4  to  0 .7  
microns and i s  so c a l l e d  because  th e  human eye i s  r e s p o n s iv e  to  energy  
in  t h i s  r e g io n .  I t  i s  i n t e r e s t i n g  t o  n o te  from F ig u re  A-2 t h a t  th e  
s o l a r  energy  peaks in  t h i s  r e g io n .  In  th e  v i s i b l e  r e g io n ,  th e  eye 
and mind i n t e r p r e t  energy  in  th e  w aveleng th  range  o f  0 .4  to  0 .5  m icrons 
as b lu e ,  0 .5  to  0 .6  microns a s  g reen  and 0 .6  to  0 .7  microns as  r e d .
Energy w i th  a w aveleng th  l e s s  th a n  0 .4  m icrons i s  c a l l e d  u l t r a v i o l e t ,  
and energy  w ith  a  w aveleng th  g r e a t e r  th a n  0 .7  microns i s  c a l l e d  i n f r a r e d .  
The i n f r a r e d  r e g io n  i s  c o n s id e re d  to  end a t  1000 m icrons and th e  m icro­
wave r e g io n  b e g in s .  Energy in  th e  i n f r a r e d  r e g io n  can  be focused  w ith  
m i r r o r s ,  l e n s e s ,  and o th e r  o p t i c a l  d e v ic e s  l i k e  v i s i b l e  l i g h t .  I t  can 
a l s o  be t r a n s m i t t e d  th rough  some m a te r i a l s  which a r e  opaque to  v i s i b l e  
l i g h t .  F o r ty  p e r  c e n t  o f  th e  s u n 's  energy  conveyed to  th e  e a r t h  i s  i n  
th e  i n f r a r e d  r e g io n .  Energy w ith  a w aveleng th  longer th a n  1000 m icrons 
i s  n o t  co n s id e re d  th e rm a l in  o r i g i n .  The i n f r a r e d  r e g io n  i s  o f t e n  
d iv id e d  i n to  th r e e  a r b i t r a r y  r e g io n s ;  0 .7  to  1.5 microns i s  th e  n ear  
i n f r a r e d ,  1 .5  to  6  microns i s  th e  middle i n f r a r e d  and 6  to  1000 m icrons 
i s  th e  f a r  i n f r a r e d  r e g io n .
As a body i s  h e a te d ,  th e  freq u en cy  o f  p ro p a g a t io n  o f  th e  e m it te d
energy  in c r e a s e s  and th e  peak o f  th e  energy  d i s t r i b u t i o n  cu rv e  i s
s h i f t e d  to  s h o r t e r  w av e len g th s .  Thus a l l  bo d ies  emit energy  i n  th e
i n f r a r e d  r e g io n ,  b u t  i t  i s  o n ly  when th e y  a re  h ea ted  to  a  r e l a t i v e l y
h igh  te m p e ra tu re  t h a t  th ey  em it energy  in  th e  v i s i b l e  r e g io n .  The
normal te m p e ra tu re  o f  th e  e a r t h  i s  300°K i n  which case  th e  energy
peaks a t  ap p ro x im a te ly  lOp. and can  on ly  be d e te c te d  w ith  s e n s i t i v e
in s tru m e n ts  c a l l e d  th e rm a l d e t e c t o r s  [5 8 ] .
F ig u re  A-3 shows a  r e p r e s e n t a t i o n  o f  th e  em itted  energy  from a
b la c k ,  g ra y ,  and r e a l  body such as  a n a t u r a l  s u r f a c e ,  a l l  a t  the  same
4
te m p e ra tu re .  For th e  S te fan-B oltzm ann  Law, E = ecxT we can  f in d  th e  
energy  em it te d  by a b la c k  body by l e t t i n g  e = 1 .0 .  However, f o r  r e a l  
s u r f a c e s  th e  em it tan ce  can  range  from 0 .03  to  0 .9 5 .  I f  we assume t h a t  
th e  e m i t ta n c e ,  e , i s  n o t  a f u n c t io n  o f  th e  w aveleng th , th e n  th e  s u r f a c e  
i s  c o n s id e re d  to  be a  g ray  body and th e  e m it te d  energy  i s  a s  shown. 
A c tu a l ly ,  th e  e m it ta n c e  o f  a r e a l  s u r fa c e  i s  a l s o  a f u n c t io n  o f  wave­
le n g th  and cau ses  th e  monochromatic em is s iv e  power curve  o f  n a t u r a l  
s u r f a c e s  to  look somewhat as shown f o r  the  r e a l  body i n  F ig u re  A-3.
The term  monochromatic o r  s p e c t r a l  r e f e r s  to  th e  f a c t  t h a t  most the rm a l 
p r o p e r t i e s  a re  a  f u n c t io n  o f  w aveleng th  as w e l l  as  t e m p e ra tu re .  The 
monochromatic e m it ta n c e  (e^ )  o f  a s u r fa c e  i s  d e f in e d  as th e  energy  
em it te d  a t  a  te m p e ra tu re  T and a s p e c i f i c  w aveleng th  to  th e  energy  
t h a t  would be e m it te d  a t  t h a t  w avelength  i f  the  s u r fa c e  were a  b la c k  
body a t  tem p e ra tu re  T [ 5 5 ] ,  W r i t te n  s y m b o l ic a l ly ,
E^(T, system) 
ex (T, system) = —  ----- ^ -------
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FIGURE A-3. EFFECT OF EMITTANCE ON 
EMITTED ENERGY
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L ike  e m i t ta n c e ,  r e f l e c t a n c e  i s  a l s o  a  f u n c t io n  o f  w avelength  and 
s u r f a c e  te m p e ra tu re .  R e f le c ta n c e  i s  d e f in e d  as  th e  r a t i o  of th e  
incoming r a d i a t i o n  t o  th e  o u tg o in g  r a d i a t i o n  i f  t h e  e m it te d  energy  i s  
o m it te d .  R e f le c ta n c e  can  a l s o  be d e f in e d  t o t a l l y  o r  m onochrom atica lly . 
T h e re fo re ,  cu rv es  s im i l a r  to  th o se  shown i n  F igu re  A-3 a re  r e p r e s e n ­
t a t i v e  o f  th e  r e f l e c t e d  as w e l l  a s  th e  e m it te d  e n e rg y . Due to  th e  
n a t u r a l  s i t u a t i o n  t h a t  e x i s t s  on th e  e a r t h ,  most measurements made 
i n  the v i s i b l e  and n ea r  i n f r a r e d  re g io n  o f  n a t u r a l  s u r f a c e s  in  a 
n a t u r a l  environm ent a r e  o f  th e  r e f l e c t e d  energy  o r i g i n a t i n g  from th e  
sun . Measurements made in  th e  f a r  i n f r a r e d  a r e  g e n e r a l ly  from th e  
e m i t te d  energy  from the  t e r r a i n .  A r e p r e s e n t a t i o n  o f  t h i s  i s  g iv en  
i n  F ig u re  A-4. The r e l a t i v e  i n t e n s i t y  o f  th e  energy  sensed  i n  th e  
d i f f e r e n t  r e g io n s  i s  n o t  shown to  s c a l e .
R e f le c ta n c e  and em ittan ce  as  d e f in e d  a r e  s t i l l  incom ple te  i n  t h e i r  
d e f i n i t i o n s  due to  th e  a n g u la r  c h a r a c t e r i s t i c s  o f  th e s e  p r o p e r t i e s  
f o r  n a t u r a l  s u r f a c e s .  T o ta l  h e m isp h e r ic a l  r e f l e c t a n c e  was d e f in e d  as 
th e  in v e rs e  o f  th e  r a t i o  o f  th e  t o t a l  energy  in go ing  t o  a  s u r fa c e  
e lem en t (dA) th rough  a  h y p o th e t i c a l  h e m isp h e r ic a l  s u r f a c e  e n c lo s in g  
th e  s u r f a c e  e lem ent t o  th e  t o t a l  amount o f  energy  b e in g  r e f l e c t e d  
o u tg o in g  th rough  the  hem isphere ( s e e  F ig u re  A -5d). B i d i r e c t i o n a l  
r e f l e c t a n c e  i s  the  r a t i o  o f  th e  i n t e n s i t y  o f  th e  r e f l e c t e d  energy  
o u tg o in g  from a  s u r f a c e  a t  a  p a r t i c u l a r  a n g le  to  th e  i n t e n s i t y  o f th e  
incoming energy  a t  any o th e r  a n g le  (F ig u re  A -5a) .  D i r e c t i o n a l  e m it ta n c e  
i s  s i m i l a r l y  d e f in e d  i n  terms o f  th e  i n t e n s i t y  o f  th e  energy  e m it te d
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a t  a  p a r t i c u l a r  a n g le  to  th e  i n t e n s i t y  o f  en e rg y  t h a t  would be p roduced  
by a  b l a c k  body a t  th e  same te m p e r a tu r e  a t  t h a t  a n g l e .  D i f f u s e  
d i r e c t i o n a l  r e f l e c t a n c e  i s  d e f in e d  a s  t h e  r a t i o  o f  t h e  en e rg y  b e in g  
r e f l e c t e d  i n  a  p a r t i c u l a r  d i r e c t i o n  t o  t h e  t o t a l  d i f f u s e  en e rg y  
incom ing to  th e  sys tem  ( F ig u re  A -5 c ) .  None o f  t h e s e  d e f i n i t i o n s  f o r  
r e f l e c t a n c e  f i t  e x a c t l y  t h e  c o n d i t i o n s  t h a t  e x i s t  when d o in g  rem o te  
s e n s in g  o f  n a t u r a l  s u r f a c e s  i n  t h e  n a t u r a l  en v iro n m e n t  s in c e  s o l a r  
r a d i a t i o n  a f t e r  p a s s i n g  th ro u g h  t h e  a tm o sp h ere  c o n t a i n s  b o th  s p e c t r a l  
and d i f f u s e  com ponents . T h e r e f o r e ,  r e f l e c t a n c e  a s  u sed  in  re m o te  
s e n s in g  i s  b a sed  on a  c o m b in a t io n  o f  th e  d e f i n i t i o n s  as  g iv e n  i n  
F ig u r e  A -5a  and A-5c and l i k e  t h e  e m i t t a n c e  i s  a  d i r e c t i o n a l  q u a n i t y .
S in c e  th e  d i r e c t i o n a l  c h a r a c t e r i s t i c s  o f  r e f l e c t a n c e  and e m i t t a n c e  
a r e  u sed  i n  rem o te  s e n s i n g ,  r e f l e c t a n c e  and e m i t t a n c e  a r e  f u n c t i o n s  
n o t  o n ly  o f  t h e  te m p e r a tu r e  and w a v e le n g th ,  b u t  a l s o  t h e  d i r e c t i o n a l  
q u a n t i t i e s .  Thus t h e  r e f l e c t a n c e  and e m i t t a n c e  i s  a  f u n c t i o n  o f  th e  
te m p e ra tu re  o f  th e  s u r f a c e ,  w a v e le n g th ,  n a tu r e  o f  t h e  incom ing e n e r g y ,  
a n g le  a t  w hich  th e  e n e rg y  i s  b e in g  r e a d ,  a s  w e l l  as  t h e  m o le c u la r  
s t r u c t u r e  o f  th e  s u r f a c e .
One o f  t h e  p rob lem s in v o lv e d  i n  m easu r in g  th e  r e f l e c t a n c e  and 
e m i t t a n c e  c h a r a c t e r i s t i c s  o f  n a t u r a l  s u r f a c e s  i n  t h e  n a t u r a l  e n v iro n m en t 
i s  d e te r m in in g  th e  c h a r a c t e r i s t i c s  o f  t h e  s o l a r  i r r a d i a t i o n .  F ig u r e  
A - l  g iv e s  a b e s t  e s t i m a t e  o f  th e  s o l a r  i r r a d i a n c e  on  t h e  e a r t h  assum ing  
th e  e a r t h  h a s  no a tm o sp h e re .  However, t h e  a tm o sp h ere  a c t s  a s  an  
a t t e n u a t i o n  o f  t h i s  incom ing  r a d i a t i o n  i n  many w ays. A lso  s i n c e  
a tm o sp h e r ic  c o n d i t i o n s  a r e  a  v a r i a b l e ,  t h e r e  w i l l  be  a  v a r i a b l e  e f f e c t  
on t h e  r a d i a t i o n  r e c e iv e d  on th e  s u r f a c e  o f  th e  e a r t h .
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Lord R a y le ig h  was t h e  f i r s t  t o  t h e o r i s e  a b o u t  l i g h t  b e in g  s c a t t e r e d  
by d u s t  p a r t i c l e s  and m o le c u le s  o f  a i r .  He s t a t e d  t h a t  t h e  I n t e n s i t y  
o f  th e  l i g h t  s c a t t e r e d  by  suspended  p a r t i c l e s  i n  t h e  a tm o sp h ere  i s  
i n v e r s e l y  p r o p o r t i o n a l  t o  th e  f i r s t  power o f  th e  w a v e le n g th .  T h e r e f o r e ,  
th e  e f f e c t  o f  s c a t t e r i n g  i s  much g r e a t e r  i n  t h e  u l t r a v i o l e t  r e g i o n  
th a n  i n  th e  v i s i b l e  r e g i o n .  A lso  s i n c e  t h e  v i o l e t  and b lu e  w a v e le n g th s  
a r e  s h o r t e r ,  e n e rg y  r e p r e s e n t e d  by t h e s e  c o l o r s  i s  s c a t t e r e d  more and 
r e s u l t s  in  a r e d  s u n s e t  s i n c e  th e  l i g h t  i s  t r a v e l i n g  a  g r e a t e r  d i s t a n c e  
th ro u g h  th e  a tm o sp h e re .
S o la r  r a d i a t i o n  i s  a l s o  a t t e n u a t e d  by th e  a tm o sp h ere  due t o  th e  
p re s e n c e  o f  g a se s  w hich b lo c k  o u t  o r  ab so rb  t h e  s o l a r  e n e rg y  a t  v a r io u s  
w a v e le n g th s .  These  e f f e c t s  a r e  shown i n  F ig u r e  A -6 . The t r a n s m i t t a n c e  
(t^V  as shown i s  d e f in e d  a s  th e  p e r  c e n t  o f  e n e r g y  t r a n s m i t t e d  th ro u g h  
th e  a tm o sp h ere  t o  t h e  t o t a l  amount incom ing . I n  some r e g io n s  th e  
t r a n s m is s io n s  i s  b lo ck ed  a lm o s t  c o m p le te ly  by w a te r  v a p o r ,  c a rb o n  
d io x id e  o r  a c o m b in a t io n  o f  th e  o t h e r  g a se s  p r e s e n t  in  t h e  a tm o sp h e re .  
The r e g io n s  w hich a re  r e l a t i v e l y  open  a r e  o f t e n  c a l l e d  w indows. I t  i s  
n o te d  t h a t  th e  v i s i b l e  r e g i o n  i s  one such  open r e g i o n .  Due t o  th e  
w a te r  v a p o r  i n  t h e  a i r ,  t h e  a tm o sp h ere  v i r t u a l l y  c l o s e s  e n e rg y  t r a n s ­
m is s io n  beyond th e  25 m ic ro n  w a v e le n g th  r e g io n  t o  th e  microwave r e g i o n .  
B ecause o f  t h i s  e f f e c t ,  m easurem ents  made i n  t h e  i n f r a r e d  r e g i o n  a re  
g e n e r a l l y  l i m i t e d  t o  t h e  i n f r a r e d  windows.
The q u e s t i o n  must now a r i s e  a s  t o  what i t  i s  t h a t  we m easure  when 
we u se  a  rem ote  s e n s in g  d e v i c e .  T h is  i s  b e s t  r e p r e s e n t e d  by F ig u re  At 7 . 
The en e rg y  m easured i s  t h a t  incom ing a t  a  s p e c i f i c  a n g le  from  a  n a t u r a l  
s u r f a c e  to  a  rem o te  s e n s in g  d e v ic e  on board  an a i r c r a f t  o r  s a t e l l i t e .  
T h is  en e rg y  i s  a  f u n c t i o n  o f  th e  s o l a r  i r r a d i a n c e  ( G8un)» a tm o s p h e r ic
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FIGURE A - a  TRANSMISSIVITY OF THE ATMOSPHERE
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FIGURE A -7  WHAT IT IS WE MEASURE.
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t r a n s m i s s i v i t y  ( t ^ ) ,  and th e  r e f l e c t a n c e  (p ^ )  and e m i t t a n c e  (®^) 
p r o p e r t i e s  o f  t h e  s u r f a c e ,  a l l  f u n c t i o n s  o f  w a v e le n g th  (X ).  The 
r e f l e c t a n c e  and e m i t t a n c e  a r e  a l s o  f u n c t i o n s  o f  th e  o r i e n t a t i o n  o f  
t h e  i r r a d i a n c e  (cpjQ*), t h e  s e n s in g  a n g le  (cp>0 ) ,  t h e  te m p e ra tu re  o f  th e  
s u r f a c e ,  t h e  s u r f a c e  c o n d i t i o n s  and t h e  s u r f a c e  i t s e l f .  O ther  f a c t o r s  
w hich  a r e  in v o lv e d  in c lu d e  th e  e f f e c t s  o f  th e  a tm o sp h ere  i n  s c a t t e r i n g  
th e  s o l a r  e n e rg y  so t h a t  b o th  a  d i f f u s e  and a  s p e c t r a l  component 
r e s u l t  and t h e  d i f f e r e n c e  b e tw een  th e  t r a n s m i s s i v i t y  e f f e c t s  on t h e  
incom ing s o l a r  e n e rg y  and th e  r e f l e c t e d  e n e rg y  o u tg o in g  from  th e  
t e r r a i n  to  t h e  a i r c r a f t .  A l l  o f  t h e s e  f a c t o r s  make i t  r a t h e r  d i f f i c u l t  
t o  i n t e r p r e t  t h e  i n f o r m a t io n  r e c e iv e d  by rem o te  s e n s in g .
S im ply  s t a t e d ,  th e  e n e rg y  m easured  by rem ote  s e n s in g  i s  t h a t  
e n e rg y  r e f l e c t e d  and e m i t t e d  by th e  s u r f a c e  t r a n s m i t t e d  t o  th e  s e n s in g  
d e v ic e .  However, i n  o r d e r  t o  i n t e r p r e t  t h i s  i n f o r m a t io n  so  t h a t  
i d e n t i f i c a t i o n  o f  th e  s u r f a c e  i s  p o s s i b l e ,  know ledge o f  t h e  e f f e c t s  
o f  a l l  th e  f a c t o r s  m en tioned  i n  th e  p a ra g ra p h  above must be  known. In  
many p r a c t i c a l  a p p l i c a t i o n s  now b e in g  made o f  rem o te  s e n s in g ,  t h e s e  
p rob lem s a r e  m in im ized  by s e n s in g  on d ay s  when a tm o sp h e r ic  c o n d i t i o n s  
a r e  s i m i l a r  and by m a in t a in in g  th e  s e n s in g  a n g le s  and th e  s u n 's  a n g u la r  
o r i e n t a t i o n  th e  same. Ground t r u t h  m easurem ents  a r e  th e n  made t o  
d e te rm in e  s p e c i f i c  s p e c t r a l  c h a r a c t e r i s t i c s  o f  t h e  r e f l e c t a n c e  p r o p e r t i e s  
o f  t h e  s u r f a c e s  t o  b e  i d e n t i f i e d .
I f  we c o n s i d e r  m easu r in g  th e  incom ing en e rg y  from  a n a t u r a l  s u r f a c e  
t o  a  re m o te  s e n s in g  d e v ic e  as  a  f u n c t i o n  o f  w a v e le n g th ,  th e n  th e  d a t a  
r e c e i v e d  can  be c a l l e d  a  s p e c t r a l  c h a r a c t e r i s t i c  o f  t h e  s u r f a c e  m easu red . 
However, i n  o r d e r  f o r  t h i s  c h a r a c t e r i s t i c  t o  be u s e f u l  i n  i d e n t i f y i n g  
th e  s u r f a c e ,  t h e  e f f e c t  o f  a l l  m ajor v a r i a b l e s  on t h i s  c h a r a c t e r i s t i c
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may be r e q u i r e d  u n le s s  ground t r u t h  measurements a re  o b ta in ed  which 
can  be used  to  e l im in a te  th e s e  v a r i a b l e s  o r  a  unique p a t t e r n  i s  found 
independen t o f  th e  v a r i a b l e s .  The l a r g e r  t h e  w aveleng th  spectrum 
over which s p e c t r a l  d a ta  can  be o b ta in e d ,  th e  more l i k e l ih o o d  a  un ique  
i d e n t i f y i n g  p a t t e r n  can  be found. Thus each  n a t u r a l  s u r fa c e  may have 
a unique s p e c t r a l  p a t t e r n  which i f  known can  be used to  i d e n t i f y  th e  
s u r f a c e .  By u s in g  th e  e n t i r e  the rm a l spec trum  and d iv id in g  i t  i n to  
sm all  enough wavebands, th e  e f f e c t  o f  many o f  th e  n a t u r a l  and system  
v a r i a b l e s  may a l s o  be d e te rm in a b le .  I f  s o ,  i d e n t i f i c a t i o n  o f  n a t u r a l  
s u r f a c e s  and s u r f a c e  c h a r a c t e r i s t i c s  can  be more e a s i l y  made and under 
l e s s  s tren u o u s  c o n d i t io n s  th an  now r e q u i r e d .
F ig u re  A- 8  shows th e  type o f  in s t ru m e n ts  which a re  used in  rem ote  
s e n s in g  and th e  w aveleng th  range  in  which th e y  can  be  u sed .  Photography 
i s  a  common means o f  remote s e n s in g  b u t  does n o t  r e a d i l y  lend i t s e l f  
to  au to m atic  p ro c e s s in g  and i s  l im i te d  i n  th e  w aveleng th  range o f  the  
energy  i t  r e c o r d s .
Thermal s c a n n e rs  a re  used to  re c o rd  d a ta  in  the  i n f r a r e d  r e g io n .  
These d e v ic e s  c o n v e r t  the  i n t e n s i t y  o f  th e  energy  measured in  a  sm all  
w aveleng th  spec trum  i n to  a v o l ta g e  re a d in g  which i s  r e c o rd e d .  These 
d e v ic e s  can  be o p e ra ted  day or n ig h t .  They a re  d e sc r ib e d  in  g r e a t e r  
d e t a i l  in  a l a t e r  s e c t io n .
A m u l t i s p e c t r a l  scanner i s  a s e r i e s  o f  measuring in s tru m e n ts  o f  
th e  same n a tu re  as th e  th e rm a l scanner ex ce p t  th a t  th e  e n t i r e  the rm a l 
energy  spectrum  i s  d iv id e d  i n to  as many as  e ig h te e n  r e g io n s ,  and th e  
energy  i n  each  o f  th e s e  re g io n s  i s  r e c o rd e d .  This  ty p e  o f  tech n iq u e  
can  be used to  make a  com plete  s p e c t r a l  r e c o rd in g  o f  a  n a t u r a l  s u r fa c e
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FIGURE A-8. RANGE OF OPERATION OF COMMON REMOTE SENSING INSTRUMENTS
i f  enough d e v ic e s  a re  used  to  d iv id e  the  the rm a l w avelength  spec trum  
i n to  sm a ll  waveband r e g io n s .
Radar and microwave systems a r e  based  on energy  measurements u s in g  
so u rces  t h a t  a re  not the rm a l in  o r i g i n  and a r e  n o t  c o n s id e re d  i n  t h i s  
r e p o r t . However, th e y  do have an advantage over methods based  on 
the rm a l r a d i a t i o n  in  t h a t  longer wavelength  en e rg y  in  t h i s  r e g io n  i s  
no t b locked  by th e  a tm osphere . T h e re fo re ,  th e y  c an  be used day or 
n ig h t  and i n  any w ea th e r  c o n d i t io n s  s in c e  th e  lo n g e r  w avelength  energy  
used in  r a d a r  i s  no t a f f e c t e d  by c loud  co v er .
Pho tog raph ic  Systems
The most w ide ly  used  remote s e n s in g  d e v ice  i s  a e r i a l  pho tog raphy . 
Pho tog raph ic  system s ran g e  from sm all  hand -he ld  cameras used w ith  l i g h t  
a i r c r a f t  to  co m p lica ted  m u l t ip le  cameras t h a t  pho tograph  i n  d i f f e r e n t  
r e g io n s  o f  th e  e le c t ro m a g n e t ic  spec trum  which a r e  c a r r i e d  in  th e  bay 
or cargo  a r e a  o f la rg e  m u l t i - e n g in e  a i r c r a f t .  These systems re c o rd  
on p h o tog raph ic  f i lm  th e  s e l e c t i v e  r e f l e c t i o n  o f  the  s u n 's  energy  
from th e  t e r r a i n .  J u s t  as each o b j e c t  has i t s  own p a r t i c u l a r  c o l o r ,  
so w i l l  each  t e r r a i n  f e a t u r e  have a p a r t i c u l a r  r e f l e c t a n c e  curve  i n  
th e  u l t r a v i o l e t  and i n f r a r e d  re g io n  as  w e l l .  Many tim es w i th  an a e r i a l  
camera system , s e l e c t i v e  t e r r a i n  f e a t u r e s  can e a s i l y  be i d e n t i f i e d  from 
th e  r e s u l t i n g  p h o to g rap h s .
Remote s e n s in g  by photography i s  r e l a t i v e l y  cheap and sim ple  and 
i s  g e n e r a l ly  th e  most advantageous method o f  do ing  remote sen s in g  i f  
th e  in fo rm a t io n  one i s  seek ing  can  be o b ta in e d  t h i s  way. However, 
photography has no t been  developed t h a t  re sp o n d s  t o  energy em iss ions  
th roughou t th e  e le c t ro m a g n e t ic  spec trum . Perhaps th e  b ig g e s t
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d isad v a n ta g e  to  pho to g rap h ic  te ch n iq u es  i s  t h a t  th e y  a re  a q u a l i t a t i v e  
r a t h e r  th a n  a q u a n t i t a t i v e  method* That i s ,  photography re c o rd s  th e  
i n t e n s i t y  o f  the  energy  r e f l e c t e d  from th e  t e r r a i n  in  la rg e  bandwidths 
and on ly  ap p ro x im a te ly .  A photograph w i l l  n o t  t e l l  you in  e x a c t  
terms th e  amount o f  energy  re c e iv e d  nor what i s  i t s  e x a c t  w aveleng th . 
Because o f  t h i s ,  a photograph w i l l  no t look e x a c t l y  l i k e  th e  o r i g i n a l  
t e r r a i n .  Photographs a re  a l s o  no t r e a d i l y  amendable to  au tom atic  
p ro c e s s in g .  For th e s e  r e a s o n s ,  th e  in fo rm a t io n  which can  be reco rd ed  
by photography i s  l im i te d  in  n a tu re  and u se .  However, pho tography i s  
s t i l l  th e  most common method used in  rem ote s e n s in g .
The two v a r i a b l e s  which a re  im p o r tan t  in  pho tography  a re  th e  
s e n s i t i v i t y  o f  the  f i lm  and th e  bandwidth and amount o f  energy  allow ed  
to  reach  th e  f i lm .  The fundam ental mechanism used t o  c o n t r o l  th e  amount 
and type  o f  energy  re a c h in g  th e  f i lm  i s  th e  cam era. In  i t s  s im p le s t  
form, i t  i s  no more th a n  a  darkened box w ith  a p in h o le  in  one s id e .
The f i lm  i s  f ix e d  i n  p la c e  on the  o p p o s i te  s id e  o f  th e  box. The on ly  
d is ad v a n ta g e  to  t h i s  s im ple type  o f  arrangem ent i s  t h a t  a p in h o le  does 
n o t adm it much l i g h t ,  and th e r e f o r e  an unduly  long tim e would be re q u i r e d  
fo r  ex p o su re .  T h e re fo re ,  a le n s  which adm its  more l i g h t  and fo cu ses  
t h e  l i g h t  on to  the  f i lm  i s  g e n e r a l ly  used in s te a d  o f  a p in h o le .
The most im p o r tan t  e lem ent of photography from the  s ta n d p o in t  o f  
th e  e n g in ee r  o r  s c i e n t i s t  invo lved  in  remote s e n s in g  i s  th e  f i lm .  The 
camera i s  b a s i c a l l y  an o p t i c a l  m echan ical d ev ice  used  to  p r o j e c t  the  
energy  coming from an image onto  th e  f i lm .  The f i lm  however must r e c o rd  
t h i s  energy  in  a manner t h a t  i s  as  r e p ro d u c ib le  and as  c o n s i s t e n t  as 
p o s s i b l e .  S ince  most photographs o b ta in e d  in  rem ote s e n s in g  a re  analyzed
by th e  human e y e ,  th e  re s p o n se  o f  th e  f i lm  and r e s u l t i n g  p i c t u r e  shou ld  
a l s o  match t h a t  o f  th e  eye as c l o s e l y  a s  p o s s i b l e .
Modern o r d in a r y  f i lm s  use  s i l v e r  s a l t s  o r  h a l i d e s  as th e  l i g h t  
s e n s i t i v e  e m u ls io n .  Th is  i s  f ix e d  on a  b a ck in g  o r  s u p p o r t  which i s  
g e n e r a l l y  c e l l u l o s e  n i t r a t e  or a c e t a t e .  T h is  c o a t i n g  o f  em u ls ion  
ra n g e s  from 0 .0012  to  0 .0016  in c h es  t h i c k .  Em ulsions c an  be made 
s e n s i t i v e  to  many d i f f e r e n t  ra n g e s  o f  th e  e le c t ro m a g n e t ic  en erg y  
sp ec tru m  as  shown i n  F ig u re  A-9 . P r i n t i n g  paper i s  an example o f  a 
ty p e  o f  f i lm  which i s  s e n s i t i v e  o n ly  to  t h e  u l t r a v i o l e t  and b lu e  r e g i o n  
o f  th e  sp ec tru m . B ecause o f  t h i s ,  a  r e d  or y e llow  l i g h t  w i l l  no t 
expose  p r i n t i n g  p a p e r .  O rth o ch ro m atic  f i l m  i s  f i lm  t h a t  i s  s e n s i t i v e  
to  u l t r a v i o l e t ,  b l u e ,  and g re e n  l i g h t .  T h e r e f o r e ,  t h i s  f i l m  w i l l  no t 
respond  t o  a r e d  l i g h t .  Many e a r l i e r  f i lm s  were o f  t h i s  ty p e .
The most common f i l m  i n  use  to d a y  i s  c a l l e d  p a n c h ro m a t ic .  I t  i s  
s e n s i t i v e  to  u l t r a v i o l e t  as  w e l l  as a l l  o f  th e  en e rg y  i n  th e  v i s i b l e  
r a n g e .  Because i t s  s e n s i t i v i t y  ra n g e  i s  v e ry  s i m i l a r  to  t h a t  o f  t h e  
human ey e ,  i t  i s  c o n s id e re d  th e  optimum f o r  most u s e s .  The image 
produced i s  shades  o f  b la c k  and w hite  c o r re sp o n d in g  g e n e r a l l y  to  th e  
i n t e n s i t y  o f  th e  en e rg y  r e c e iv e d  i n  th e  v i s i b l e  ra n g e  from th e  o b j e c t  
o r  t e r r a i n  p h o to g rap h ed .
Panchrom atic  f i lm  i s  developed  and used  i n  a  manner s i m i l a r  to  t h a t  
d is c o v e re d  by T o l b e r t .  The image to  be pho tographed  i s  fo cu sed  th ro u g h  
th e  camera le n s  o n to  th e  f i lm  and th e  s h u t t e r  opened f o r  a  p re d e te rm in ed  
amount o f  t im e . The l i g h t  e n t e r i n g  th e  camera s e n s i t i z e s  th e  g r a in s  
o f  s i l v e r  s a l t  i n  th e  em u ls io n .  The g r a i n s  o f  s i l v e r  s a l t  t h a t  have 
been  a c te d  upon by th e  l i g h t  w i l l  be tu rn e d  to  s i l v e r  when th e  f i lm  
i s  emmersed in  a d e v e lo p e r  s o l u t i o n .  N ext, th e  f i l m  i s  washed in  an
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a c id i c  s to p  b a th  to  s to p  th e  a c t i o n  o f  th e  d e v e lo p e r .  The f i lm  i s  
th e n  bathed  i n  a  s o lu t i o n  c a l l e d  hypo which washes th e  u n a f f e c te d  
s i l v e r  s a l t s  away, and f i n a l l y  i t  i s  r i n s e d  in  w a ter  and d r ie d  [ 5 9 3 .
The f i lm  i s  th en  l e f t  w ith  b lackened  s i l v e r  where th e  l i g h t  
a c t i v a t e d  th e  f i lm  and c l e a r  where t h e r e  was no l i g h t .  S in ce  t h i s  
i s  th e  r e v e r s e  o f  th e  photographed image, i t  i s  c a l l e d  a  n e g a t iv e .  A 
p o s i t i v e  i s  made by p u t t i n g  th e  n e g a t iv e  over s im i l a r  l i g h t  s e n s i t i v e  
paper and p a s s in g  l i g h t  th rough  th e  n e g a t iv e  in  such a manner t h a t  i t  
exposes th e  em uls ion  on th e  o th e r  p ie c e  o f  l i g h t  s e n s i t i v e  p a p e r .  The 
second f i lm  w i l l  be th e  r e v e r s e  o f  th e  n e g a t iv e  and i s  c a l l e d  p o s i t i v e  
s in c e  i t s  to n e s  co rre spond  to  to n es  or i n t e n s i t y  o f r e f l e c t e d  energy  
as  th e y  e x i s t e d  in  r e a l i t y .  The p o s i t i v e  i s  developed  and p ro cessed  
in  much th e  same manner as  th e  n e g a t iv e .
R e s o lu t io n  o f  th e  f i lm  i s  de te rm ined  by th e  g r a i n  s i z e  o f  th e  
s i l v e r  s a l t s .  I f  we c o n s id e r  th e  p i c t u r e  p a t t e r n  aB made up o f
in d iv id u a l  g r a in s  or c l u s t e r s ,  no s m a l le r  d e t a i l s  could  be r e p re s e n te d
th a n  the  g r a in  s i z e .  In  th e  a c tu a l  c a s e ,  l o c a t i o n  and l i g h t  I n t e n s i t y  
a f f e c t  r e s o l u t i o n  as w e l l  as  f i lm  p ro c e s s in g .  However, g r a i n  s iz e  i s
a l i m i t i n g  f a c t o r  and f o r  t h i s  r e a s o n  th e  s i l v e r  s a l t  c r y s t a l s  a r e  v e ry
numerous. For example, in  th e  c a se  o f  panchrom atic  f i lm  th e  g r a in  
s i z e  i s  o f  th e  o rd e r  of 0 . 2  m icrons.
One problem  invo lved  in  f i lm  i s  th e  h a l a t i o n  e f f e c t  which i s  th e  
r e f l e c t i o n  o f  l i g h t  from th e  em uls ion  su p p o r t  l a y e r s  a f t e r  th e  l i g h t  
has  passed  th ro u g h  the  em uls ion . T h is  e f f e c t  can  produce a h a lo  e f f e c t  
around th e  o b je c t  i f  long  exposure  t im e s  a re  r e q u i r e d .  H a la t io n  1b 
reduced  by u s in g  a dye c o a t in g  on th e  f i lm  su p p o rt  t h a t  ab so rb s  any 
e n e rg y  t r a n s m i t te d  th rough  the  em uls ion .
A nother p rob lem  In v o lv e d  w i th  f i l m s  i s  t h a t  d u r in g  d e v e lo p in g  th e  
e m u ls io n  s w e l l s  when i t  i s  w e t te d  and th e n  s h r in k s  when d r i e d .  In  
o rd e r  t o  c o u n te r b a la n c e  t h i s  e f f e c t ,  a h a rd en ed  g e l a t i n  i s  p u t  on th e  
back  o f  th e  f i l m  s u p p o r t  i n  o r d e r  t o  keep  th e  f i l m  from c u r l i n g .
One o f  t h e  p rob lem s in v o lv e d  w i th  t h e  u s e  o f  b l a c k  and w h i te  f i l m
i s  t h a t  th e  image formed r e p r e s e n t s  t h e  t o t a l  en e rg y  r e f l e c t e d  th ro u g h ­
o u t  th e  u l t r a v i o l e t  and v i s i b l e  s p ec tru m  w i th o u t  r e g a r d  t o  c o l o r .  T h is
means t h a t  a g re e n  o b j e c t  t h a t  r e f l e c t s  a s  much t o t a l  e n e rg y  as  a r e d  
o b j e c t  w i l l  lo o k  th e  same. T h e r e f o r e ,  w i th  b l a c k  and w h i te  f i l m ,  
most o b j e c t s  must be d i s t i n g u i s h e d  by shape  r a t h e r  th a n  c o l o r .  I n  th e  
c a se  o f  t h e  r e f l e c t a n c e  c u rv e s  shown i n  F ig u r e  A -10 , th e  i n t e n s i t y  
o r  l i g h t n e s s  o f  an o b j e c t  i n  th e  t e r r a i n  i n  a  p h o to g ra p h  w i l l  be t h e  
same i f  t h e  a r e a  u n d e r  th e  en e rg y  r e f l e c t e d  c u rv e  i s  t h e  same i n  th e  
v i s i b l e  r e g i o n  and i f  p a n ch ro m a tic  f i l m  i s  u s e d .  However, i f  th e  
ra n g e  o f  th e  s e n s i t i v i t y  o f  th e  f i l m  i s  e x te n d e d  i n t o  th e  i n f r a r e d  
r e g i o n  as  shown i n  F ig u r e  A-9 ,  th e  to n e s  w i l l  be d i f f e r e n t  f o r  l i v e  
g r e e n  v e g e t a t i o n  as  compared t o  g re e n  n e t t i n g .  I f  a  f i l t e r  o r  b lo c k in g  
l e n s  i s  u sed  t h a t  a l lo w s  o n ly  th e  i n f r a r e d  e n e rg y  t o  e n t e r  th e  cam era ,  
t h e  to n e s  on b la c k  and w h i te  i n f r a r e d  f i l m  w i l l  be even  more d i s t i n c t i v e  
f o r  th e  r e f l e c t a n c e  c u rv e s  shown i n  F ig u r e  A -10c.
B lack  and w h i te  i n f r a r e d  f i l m  i s  made s i m i l a r  to  p a n c h ro m a tic  f i l m .  
Most s i l v e r  s a l t  e m u ls io n s  a r e  s e n s i t i v e  o n ly  t o  u l t r a v i o l e t  and b lu e  
l i g h t  and must be t r e a t e d  w i th  s p e c i a l  dyes  t o  make th e  f i l m  s e n s i t i v e  
t o  th e  lo n g e r  w a v e le n g th  e n e r g y .  By f u r t h e r  t r e a t i n g  th e  e m u ls io n ,  
f i l m  m a n u fa c tu r e r s  have been  a b le  t o  e x te n d  th e  s e n s i t i v i t y  o f  th e  
e m u ls io n s  t o  e n e rg y  i n  th e  n e a r  i n f r a r e d  r e g i o n .  The r e s p o n s e  o f  t h i s  
ty p e  o f  f i l m  i s  shown i n  F ig u re  A-9 . I n c r e a s i n g  th e  s e n s i t i v i t y  o f
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th e  f i lm  to  w avelengths much beyond 1 . 2  m icrons appea rs  t o  be 
im p r a c t i c a l  s in ce  i t  would be d i f f i c u l t  t o  keep the  f i l m  from b e in g  
exposed by the  em it te d  energy  from the  f i l m ' s  su rro u n d in g  or by the  
camera i t s e l f  [6 0 ] ,
I n f r a r e d  pho tog raphs  o f  r a d i a t i o n  i n  th e  middle and f a r  in f r a r e d  
w aveleng th  range  can a l s o  be made by e l e c t r o n i c  means. The photograph  
i s  made from a r e c o r d in g  o f an e l e c t r i c a l  s i g n a l  produced by an 
i n f r a r e d  d e t e c t o r .  The reco rd ed  e l e c t r i c a l  s ig n a l  i s  u sed  to  v a ry  a 
l i g h t  so u rce  which p o in t  by p o in t  exposes a segment o f  pho to g rap h ic  
f i lm .  Thus, an image o f the  in f r a r e d  r a d i a t i o n  is  p roduced .
Another improvement t h a t  in c reased  th e  u s e fu ln e s s  o f  photography 
fo r  rem ote sen s in g  was th e  manufacture o f  norm al c o lo r  f i l m .  With 
c o lo r  f i lm ,  the  incoming r a d i a t i o n  can be re c o rd e d  in  t h r e e  d i f f e r e n t  
bandwidths c o rre sp o n d in g  rou g h ly  to  b lu e ,  g r e e n ,  and re d  l i g h t  ( s e e  
F ig u re  A-1 1 ) .  The em u ls io n  o f  c o lo r  f i lm  i s  s im i la r  to  t h a t  o f  b la c k  
and w hite  f i lm  in  t h a t  i t  a l s o  c o n s i s t s  o f  s i l v e r  s a l t s ;  however, th r e e  
l a y e r s  in s te a d  o f  one a r e  used as shown i n  F ig u re  A - l l  [ 6 0 ] .  Each 
la y e r  r e a c t s  th e  same as  f o r  b la ck  and w h ite  f i lm  e x cep t  t h a t  by 
s p e c i a l  t r e a tm e n t  d u r in g  m anufacture  each  l a y e r  i s  made s e n s i t i v e  to  
on ly  a c e r t a i n  p o r t i o n  o f  th e  v i s i b l e  r e g io n  o f  the  en e rg y  spectrum . 
Also a  b lu e  b lo c k in g  f i l t e r  i s  used as shown. The r e s u l t s  cure f i lm  
i n  which th e  top  la y e r  r e a c t s  to  b lue l i g h t ,  th e  second l a y e r  to  g reen  
l i g h t ,  and th e  bottom  la y e r  to  red  l i g h t .
The exposure  o f  c o lo r  f i lm  w ith  a cam era i s  th e  same as in  b la ck  
and w hite  f i lm .  L ig h t  i s  c ap tu red  on each  l a y e r  in  re sp o n se  to  th e  
i n t e n s i t y  o f  the  l i g h t  i n  th e  re g io n  in  which each la y e r  i s  s e n s i t i v e .  
In  the  f i r s t  s te p  o f  developm ent, the  exposed h a l id e s  i n  each  la y e r
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a re  tu rn e d  to  b la ck  c r y s t a l s  o f  s i l v e r  s a l t s .  This  i s  th e  same as  fo r  
b la c k  and w h ite  f i lm .  There a re  two ty p e s  o f  p ro c e sse s  from t h i s  
p o in t  on i n  th e  developm ent o f  c o lo r  f i l m .  One p ro c e s s ,  th e  c o lo r  
n e g a t iv e  p ro c e ss  p roduces a n e g a t iv e  p r i o r  to  making a p r i n t .  The 
second p ro c e ss  i s  c a l l e d  c o lo r  r e v e r s a l  and r e s u l t s  d i r e c t l y  i n  a 
c o r r e c t  to n e  c o lo r  t r a n s p a re n c y  from th e  f i l m .  The second p ro c e ss  i s  
g e n e r a l ly  used in  making c o lo r  s l i d e s .
In  th e  c o lo r  n e g a t iv e  p r o c e s s ,  th e  b la c k  s i l v e r  s a l t s  i n  each 
la y e r  a r e  r e p la c e d  by com plim entary  c o lo r s  to  th e  b a s ic  c o lo r s  o f  b lu e ,  
g re e n ,  and r e d .  That i s ,  the  s i l v e r  g r a in s  in  the  b lu e  l a y e r s  a r e  
re p la c e d  by a y e llow  dye . The s i l v e r  g r a in s  in  the  g re e n  la y e r s  a r e  
re p la c e d  by magenta dye , and th e  s i l v e r  g r a in s  i n  the  re d  r e g io n  a re  
r e p la c e d  w i th  a cyan dye . The com plim entary  c o lo r s  a re  used  s in c e  
yellow  i s  composed o f  r e d  and g reen  l i g h t  which i s  th e  absence  o f  
b lu e .  S im i la r ly  magenta i s  composed o f  r e d  and b lu e  w aveleng ths  and 
cyan i s  composed o f  b lu e  and g reen  l i g h t .  The r e s u l t i n g  n e g a t iv e  i s  
a t r u e  c o lo r  n e g a t iv e  in  t h a t  the  o p p o s i te  o r  compliment o f  each  c o lo r  
has been  used  in  the  l a y e r  s e n s i t i z e d  by l i g h t  w ith  th e  w aveleng th  o f  
the  o r i g i n a l  c o lo r .  T h e re fo re ,  when w h ite  l i g h t  i s  shown back th rough  
th e  c o lo r  n e g a t iv e  and a  s i m i l a r  type  f i l m  i s  exposed , a  p o s i t i v e  
c o r re sp o n d in g  to  th e  o r i g i n a l  c o lo r s  o f  th e  o b je c t  photographed w i l l  
be p roduced .
T h e re fo re ,  th e  c o lo r  n e g a t iv e  p ro c e ss  i s  v e ry  s im i l a r  to  th e  
b la c k  and w h ite  f i lm  p r o c e s s .  In  summary, th e  s i l v e r  s a l t s  o f  th e  
th r e e  s e n s i t i z e d  l a y e r s  a re  developed and re p la c e d  by th e  com plim entary  
c o lo r s  o f  th e  c o lo r s  o f  th e  o r i g i n a l  o b j e c t .  The unused s a l t s  a r e  
washed away, and th e  n e g a t iv e  i s  th e n  used  t o  make a p o s i t i v e  by
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exposing  th rough  the  n e g a t iv e  a  p ie c e  o f  c o lo r  p r i n t i n g  p ap e r  s i m i l a r l y  
s e n s i t i z e d .  The accu racy  o f  t h i s  te ch n iq u e  i n  c o lo r  r e p r e s e n t a t i o n  
t h a t  i s ,  t h e  amount o f  energy  b e in g  r e f l e c t e d  i n  each  r e g io n ,  i s  
dependent on th e  s e n s i t i v i t y  o f  th e  f i lm  (se e  F ig u re  A - l l )  and th e  
c h a r a c t e r i s t i c s  o f  th e  dyes u s e d .  For s c i e n t i f i c  pu rposes  th e  f i n a l  
c o lo r  tone should  be matched as c lo s e l y  as p o s s i b l e  to  t h a t  o f  th e  
o r i g i n a l  o b je c t  o r  t e r r a i n  pho tographed . For a r t  pho tography  t h i s  
may be o f  l i t t l e  im portance .
With th e  c o lo r  r e v e r s a l  p r o c e s s ,  th e  p a r t i a l l y  developed  f i lm  
i t s e l f  i s  exposed so th e  com plim entary  la y e r s  a re  a c t i v a t e d .  The 
s a l t s  in  th e  o r i g i n a l  s e n s i t i z e d  la y e r s  a re  th e n  washed away le a v in g  
only  the  compliments o f  th e  la y e r s  which were washed away. T h is  
r e s u l t s  i n  the  o r i g i n a l  c o lo r s  o f  the  o b je c t  on th e  o r i g i n a l  f i lm  
which i s  u s u a l l y  used as a c o lo r  t r a n s p a re n c y .
D uring World War I I  a n o th e r  type o f  f i lm  was developed c a l l  
Camouflage D e te c t io n  f i lm .  T h is  f i lm  was th e  f i r s t  u se  o f  c o lo r  i n f r a r e d  
f i lm .  I t  was g iv e n  t h i s  name, s in c e  cam ouflage cou ld  r e a d i l y  be id e i^  
t i f i e d  u s in g  t h i s  type  f i lm .  The s e n s i t i v i t y  o f  a  t y p i c a l  c o lo r  
in f r a r e d  f i lm  i s  shown in  F ig u re  A -12. With t h i s  type  f i lm  th e  u l t r a ­
v i o l e t  r e g io n  i s  u s u a l l y  e l im in a te d  by u s in g  a  f i l t e r  which b locks  
ou t a l l  energy  w ith  a w aveleng th  s h o r t e r  th a n  0 .4  m ic rons .
I n  o rd e r  to  see  th e  energy  in  th e  i n f r a r e d  r e g io n  i n  a  c o lo r  pho to ­
g rap h , a c o lo r  must be a ss ig n e d  t o  th e  energy  in  t h i s  r e g io n .  When t h i s  
i s  done, on ly  two c o lo r s  rem ain  to  be a ss ig n ed  to  th e  energy  i n  th e  
v i s i b l e  spec trum . This  means f o r  example t h a t  fo r  th e  f i lm  shown i n  
F igure  A -12, b lu e  and g reen  r e f l e c t e d  energy  i s  pho tographed  as  b lu e ,  
re d  i s  photographed as g re e n  and in f r a r e d  energy  i s  photographed a3  r e d .
^2^ S»si'five to Rod and Btuo Light
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Since  th e  c o lo r s  a re  sw itch ed , t h i s  i s  r e f e r r e d  to  as f a l s e  c o lo r in g .  
D i f f e r e n t  c o lo r  com binations  a re  p o s s ib l e  so t h a t  c o lo r  i n f r a r e d  f i lm  
i s  n o t r e s t r i c t e d  to  th e  c o lo r  confc inations  g iv e n  i n  th e  example.
F a ls e  c o lo r in g  can a l s o  be produced w ith  r e g u l a r  c o lo r  f i lm  by sw itch in g  
th e  chem ical dyes used in  th e  d i f f e r e n t  l a y e r s  o f  th e  f i lm .
I n f r a r e d  photography i s  im p o r tan t  and u s e f u l  when th e  r e f l e c t a n c e  
o f  th e  o b je c t  to  be sensed  i s  v e ry  d i f f e r e n t  i n  the  i n f r a r e d  re g io n  
from the  su rround ing  even though th e  s u r ro u n d in g s ,  o r  s im i l a r  o b j e c t s ,  
may have th e  same o r  s im i l a r  en erg y  r e f l e c t a n c e  cu rves  i n  th e  v i s i b l e  
r e g io n  and th u s  look th e  same. A t y p i c a l  example i s  shown i n  F ig u re  
A-10 fo r  camouflage and h e a l th y  v e g e t a t i o n .  The same ty p e  r e f l e c t a n c e  
cu rv es  o f t e n  r e s u l t  f o r  d is e a s e d  and h e a l th y  v e g e ta t i o n .  I n  a  r e g u la r  
c o lo r  pho tog raph  th e  two may look  th e  same b u t  in  a  c o lo r  i n f r a r e d  
photo  th e  l i v e  g reen  v e g e ta t i o n  w i l l  be a  b r i g h t  r e d ,  w hereas d is e a s e d  
v e g e t a t i o n  w i l l  be a d u l l  p u r p le .  I t  has a l s o  been  found t h a t  m o is tu re  
c o n te n t  e f f e c t s  th e  r e f l e c t a n c e  i n  th e  i n f r a r e d  r e g io n  t o  a  g r e a t  
e x t e n t .  The o b je c t iv e  i s  t h e r e f o r e  t o  u se  th e  f i lm  or f i lm  com bina tion  
t h a t  d i s t i n g u i s h e s  energy  in  th e  r e g io n  where t h e r e  i s  th e  most 
d i f f e r e n c e .
A nother item  which can  be a t t a c h e d  to  a  camera when used  in  remote 
sen s in g  i s  a f i l t e r .  T h is  g iv e s  a n o th e r  v a r i a b l e  to  be used i n  con junc­
t i o n  w ith  th e  f i lm  to  o b ta in  a  d e s i r e d  r e s u l t .  A f i l t e r  i s  i n  e ssen ce  
a d ev ice  which i s  p u t  between the  f i lm  and th e  o b je c t  viewed which 
governs th e  w aveleng ths  o f  th e  energy  which re a c h e s  th e  f i lm .  In  t h i s  
r e s p e c t  f i l t e r s  a c t  to  c o n t r o l  th e  w aveleng ths  o f  th e  energy  re c e iv e d  
in  much th e  same r e s p e c t  th a t  th e  d iaphragm  a c t s  to  c o n t r o l  th e  amount 
o f  energy  r e c e iv e d  on th e  f i lm .
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F i l t e r s  a re  o f t e n  used  t o  b lo c k  unwanted p a r t s  o f  th e  r e f l e c t e d  
energy  from re a c h in g  th e  f i lm .  For example, i n  the  d e t e c t i o n  o f  
cam ouflage o r  d is e a s e d  v e g e ta t io n  th e  on ly  d i f f e r e n c e  in  th e  s p e c t r a l  
c h a r a c t e r i s t i c s  o f  th e  o b je c t  b e in g  d e te c te d  and i t s  su rro u n d in g s  may 
be i n  th e  i n f r a r e d  r e g io n .  I n  t h i s  case  th e  s u b je c t  w i l l  be more 
e a s i l y  i d e n t i f i e d  i f  th e  v i s i b l e  and u l t r a v i o l e t  p o r t i o n s  o f  th e  
energy  spec trum  a r e  b locked  by a  f i l t e r ,  and o n ly  th e  i n f r a r e d  energy  
is  r e c e iv e d  on th e  f i lm .  A lso , i t  has been n o ted  t h a t  a tm ospheric  
haze i s  caused  by s c a t t e r i n g  o f  th e  u l t r a v i o l e t  and s h o r t e r  w avelength  
l i g h t .  T h e re fo re ,  i f  a f i l t e r  i s  used which b lo c k s  energy  i n  t h i s  
r e g io n ,  th e  haze w i l l  n o t  show up in  th e  p h o tog raph .
Narrow band p a ss  f i l t e r s  a re  a l s o  a v a i l a b l e  w i th  which i t  i s  
p o s s ib l e  t o  s e l e c t  o n ly  a p a r t i c u l a r  band such as  0 .4  to  0 . 5  microns 
and r e c o r d  on ly  th e  image o f  th e  energy  r e f l e c t e d  i n  t h i s  r e g io n .  By 
u s in g  com bina tions  o f  f i l t e r s  and f i lm s ,  energy  can be rec o rd ed  in  any 
narrow r e g io n  o f  th e  u l t r a v i o l e t ,  v i s i b l e  o r  near i n f r a r e d  r e g io n  
d e s i r e d .  T h e re fo re ,  th e  bandwidth which b e s t  d i s t i n g u i s h e s  th e  t e r r a i n  
f e a tu r e  o r  o b je c t  t h a t  i s  to  be sensed  can  be s e l e c t e d .  An example o f  
t h i s ,  i s  th e  d e t e c t i o n  o f  o i l  s l i c k s  where th e  u l t r a v i o l e t  p a r t  o f  th e  
spectrum  i s  th e  b e s t  f o r  i d e n t i f i c a t i o n .
The t h r e e  most commonly used  types  o f  camera system s f o r  remote 
sen s in g  a r e  the  c o n v e n t io n a l  s in g l e  len s  cam era, panoramic and s t r i p  
cam eras , and m ultiband  o r m u l t i l e n s  camera sys tem s .
The s in g le  le n s  a e r i a l  camera i s  an a i r b o r n e  camera c o n s i s t i n g  o f  
a m agazine, a d r iv e  mechanism, a  cone and l e n s .  The magazine i s  th e  
l i g h t  t i g h t  box t h a t  ho ld s  th e  f i lm .  The magazine o f  most modern 
a e r i a l  cam eras u t i l i z e s  a co n tin u o u s  r o l l  o f  9 -1 /2 "  by 200 ' r o l l  o f  f i lm .
With t h i s  f i l m  a b o u t  250 e x p o su re s  c a n  be made. Each ex p o su re  i s  
a p p ro x im a te ly  9" x  9 " .  The d r i v e  mechanism i s  u se d  t o  p o s i t i o n  th e
f i l m  f o r  each  e x p o s u r e .  D uring  an e x p o s u re ,  s u c t i o n  i s  c r e a t e d  a t  
t h e  b ack  o f  t h e  f i l m  by means o f  a  vacuum to  h o ld  t h e  f i lm  f l a t  
a g a i n s t  t h e  b a c k  p l a t e  a t  th e  i n s t a n t  o f  ex p o su re  t o  e l i m i n a t e  
w r in k l in g  o f  t h e  f i l m  and su b se q u e n t  d i s t o r t i o n  i n  t h e  p h o to g ra p h .  The 
cone i s  a  l i g h t  t i g h t  mechanism w hich  h o ld s  th e  l e n s  c o r r e c t l y  i n  
r e l a t i o n s h i p  t o  th e  f i l m .  The l e n g th  o f  th e  cone  i s  a  f u n c t io n  o f  th e  
f o c a l  l e n g th  o f  t h e  l e n s .  The le n s  i s  compound and  g iv e s  a  f i x e d  ' 
fo cu s  w i th  th e  f o c u s  a t  i n f i n i t y .  I n  most a e r i a l  cam eras  t h e  s h u t t e r  
i s  be tw een  th e  f r o n t  and th e  r e a r  e le m e n ts  o f  t h e  l e n s .  The s h u t t e r  
sp eed s  a re  a s  h ig h  a s  1 /500  t o  1 /1000 o f  a  s ec o n d .  The d r i v e  mechanism 
re c o c k s  t h e  s h u t t e r  a f t e r  e ac h  e x p o s u r e .  Any type  o f  f i lm  c a n  be 
used  w i th  th e  s in g l e  le n s  a e r i a l  cam era  which c a n  a l s o  be f i t t e d  w i th  
f i l t e r s  i f  d e s i r e d .
R e l a t i v e l y  a c c u r a t e  m easurem ents  o f  t e r r a i n  f e a t u r e  can  be made 
w i th  s i n g l e  l e n s  a e r i a l  cam eras ;  how ever, th e y  o n ly  make p h o to g ra p h s  o f  
a  narrow  s t r i p  o f  t h e  t e r r i t o r y  o v e r  which th e  c am e ra  i s  f lo w n . T h e re ­
f o r e ,  s t r i p  o r  p an o ram ic  cam era  sy s tem s  may be more u s e f u l  t o  th e  
i n v e s t i g a t o r  t h a n  a  s i n g l e  l e n s  cam era  i f  p h o to g ra p h s  o f  a  l a r g e  
amount o f  t e r r i t o r y  iB n eeded .
One ty p e  o f  pano ram ic  cam era  c o n s i s t s  o f  n i n e  l e n s .  The main 
le n s  i s  l o c a t e d  i n  t h e  c e n t e r  w i th  e i g h t  o th e r  l e n s  su r ro u n d in g  i t  i n  
a  c i r c l e  w i th  t h e i r  o p t i c a l  ax es  p a r a l l e l  t o  th e  m ain  l e n s .  A s e r i e s  
o f  m i r r o r s  fo c u s  t h e  v iew  o f  th e  su r ro u n d in g  l e n s  so  t h a t  i n  e f f e c t  t h e  
o p t i c a l  a x i s  i s  changed  t o  lo o k  ou tw ard  a t  th e  b o u n d a ry  o f  th e  a r e a  
t h a t  th e  main l e n s  v ie w s .  The e f f e c t  i s  a  pano ram ic  view  w hich  lo o k s
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l i k e  one image b u t  i s  i n  e f f e c t  composed o f  n ine  p h o to g rap h s .  The 
a n g u la r  coverage  o f  t h i s  type  o f  camera i s  130°.
A nother ty p e  o f  camera i s  th e  s t r i p  camera. T h is  type  o f  camera 
p r e s e n t s  th e  r e s u l t s  as  a s in g le  s t r i p  r a t h e r  than  in d iv id u a l  f ram es . 
In s te a d  o f  a  round a p e r tu r e  a s l i t  i s  used which i s  p e rp e n d ic u la r  to  
th e  l i n e  o f  f l i g h t .  The f i lm  i s  g e n e ra te d  to  move a t  a speed c o n s i s t e n t  
w ith  th e  ground speed o f  th e  a i r c r a f t .  The s h u t t e r  th e n  rem ains open
from the  tim e  th e  f i lm  i s  fed  in to  th e  camera u n t i l  th e  time th e
camera ru n s  o u t  o f  f i lm .  I f  the  a i r c r a f t  fo llowed a l e v e l  s t r a i g h t  
p a th ,  th e  r e s u l t i n g  photograph would be r e l a t i v e l y  f r e e  o f  d i s t o r t i o n .  
However, t h i s  i s  p r a c t i c a l  on ly  in  th e o ry ,
A t h i r d  type  o f  panoramic camera o f t e n  used in  rem ote sen s in g  i s
a s t r i p  panoramic camera. The use  o f  t h i s  ty p e  o f  camera makes i t
p o s s ib l e  to  pho tograph  a l a rg e  a re a  in  a s i n g l e  exposure  w ith  h igh  
r e s o l u t i o n .  A narrow f i e l d  i s  r e q u i re d  to  minimize a b e r r a t i o n  o f  th e  
le n s .  A narrow s l i t  p a r a l l e l  to  th e  camera p la t fo rm  l i n e  o f  f l i g h t  i s  
used and th e  camera i s  equipped to  pan p e rp e n d ic u la r  t o  th e  f l i g h t
l i n e  to  make a panoramic p i c t u r e .  The o p t i c a l  t r a i n  o f  th e  system  i s
d esigned  t o  make such movements. I n  o rd e r  t o  m a in ta in  a  c l e a r  focus 
on th e  f i lm  w h ile  th e  camera i s  pann ing , th e  f i lm  must be he ld  in  an 
a rc  w h i le  i t  i s  exposed . T h is  makes th e  pho tog raph ic  s c a l e  become 
p r o g r e s s iv e ly  sm a l le r  as th e  d is ta n c e  to  the  o b je c t s  on th e  l e f t  and 
r i g h t  o f  the  f l i g h t  p a th  a re  in c re a s e d .  However, fo r  some a p p l i c a t i o n s  
th e  ad v an tag es  o f  t h i s  type  o f  system outw eighs th e  d is a d v a n ta g e s .
A t h i r d  type o f  camera system and th e  one most a p p l i c a b le  to
problems in v o lv in g  i d e n t i f i c a t i o n  o f  n a t u r a l  o b je c t s  by rem ote sen s in g  
i s  the  m u ltiband  o r  m u l t i l e n s  camera. A m ultiband camera system  makes
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s e v e r a l  s im u ltaneous  b la c k  and w h ite  pho tographs in  d i f f e r e n t  bands 
o f  th e  e le c t ro m a g n e t ic  energy  spectrum . A v a r i e t y  o f  f i lm  and f i l t e r  
com bina tions  a re  used  t o  g e t  t h e  bands d e s i r e d .  They p ro v id e  th e  u s e r  
w ith  th e  p o s s i b i l i t y  o f  pho to g rap h in g  i n  many narrow p o r t i o n s  o f  th e  
energy  spec trum  a t  a  s i n g l e  p o in t  i n  tim e and sp ace .  S ince  m u l t ip l e  
pho tog raphs  w ith  b la c k  and w hite  f i lm  a re  made, t h i s  te ch n iq u e  g iv e s  
h ig h e r  s p a t i a l  r e s o l u t i o n  th an  any o f  the  o th e r  systems m entioned. Also 
by m u l t ip le  p r o j e c t i o n  th ro u g h  th e  f i lm  t r a n s p a r e n c ie s  w i th  l i g h t  
shown th rough  c o lo r  f i l t e r s  a c o lo r  p r o j e c t i o n  can  be made which i s  
more t r u e  in  to n e s  and c o lo r  th a n  i n  r e g u l a r  c o lo r  pho tography . 
S im i l a r ly ,  f a l s e  c o lo r  p r o j e c t io n s  can e a s i l y  be made. T h is  te ch n iq u e  
can  a l s o  be used to  c o n v e r t  the  imagery on the  photographs  to  e l e c t r i c a l  
s ig n a l s  w hich can f a i r l y  r e a d i l y  be adap ted  to  au tom atic  p ro c e s s in g  
by a com puter.
An example o f  a m u ltiband  camera i s  th e  U. S. Army C .R .R .E .L .
Four Camera System. The system u se s  70 mm f i lm  and has four H a sse lb lad  
cameras mounted on a p la t f o r m  t h a t  s im u l ta n e o u s ly  o p e ra te s  th e  cam eras. 
T h is  system  i s  r e l a t i v e l y  in ex p en s iv e  and easy  to  u se .  A more complex 
m u ltlband  system  i s  th e  ITEK Nine-Lens M ultiband Camera. Three  s t r i p s  
o f  70 mm f i l m  a re  s im u l ta n e o u s ly  exposed w ith  t h i s  camera which has 
n ine  s e p a r a te  l e n s .  C au t io n  must be made when u s in g  t h i s  type  o f  
system  to  c a l i b r a t e  each  image. Whenever d i f f e r e n t  f i lm s  a re  used  i n  
systems such as  t h e s e ,  c a r e  must be e x e r c is e d  i n  i n t e r p r e t i n g  th e  
r e s u l t s  s in c e  th e  s p e c t r a l  s e n s i t i v i t y  of each b a tc h  or type  o f  f i lm  
may be d i f f e r e n t .
The s im p le s t ,  c h e a p e s t ,  and e a s i e s t  m ultiband  camera system  to  
u se  i s  to  mount s e v e r a l  sm all  35 mm cameras on a common frame and
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o p e ra te  them s im u lta n eo u s ly .  T h is  type  o f  system was used by th e  
U n iv e r s i ty  o f W isconsin  in  t h e i r  rem ote s e n s in g  s t u d i e s .  The system  
can  be hand -he ld  and c a r r i e d  aboard a  sm a l l  a i r c r a f t  f o r  minimum 
economy. For many a p p l i c a t i o n s  i n  rem ote s e n s in g ,  t h i s  type  o f  system  
w i l l  p ro b ab ly  prove th e  most econom ical i f  g e n e ra l  d i f f e r e n c e s  i n  
s p e c t r a l  re sp o n se s  a r e  a l l  t h a t  i s  r e q u i r e d  in  i n t e r p r e t i n g  th e  d a ta .
Photography and i n  p a r t i c u l a r ,  m u ltiband  photography has s e v e r a l  
advan tages  a s  w e l l  as l i m i t a t i o n s  when used  fo r  rem ote s e n s in g  o f  th e  
n a t u r a l  env ironm ent.  A major advantage o f  p h o to g rap h ic  systems i s  
th e  s p a t i a l  r e s o l u t i o n  which r e s u l t s  from th e  pho to g rap h . T h is  g iv e s  
th e  a n a ly s t  a g r e a t  d e a l  o f  ground d e t a i l  t o  be used i n  a n a ly z in g  the  
d a t a .  Photography as now developed  a l s o  co v e rs  a ran g e  in  th e  energy  
spectrum  t h r e e  tim es t h a t  o f  th e  human ey e .  Compared to  o th e r  ty p e s  
o f  systems employed f o r  rem ote s e n s in g ,  pho tography  i s  th e  l e a s t  
com plica ted  and expens ive  to  o p e r a te .  T h is  ap p ea rs  to  be th e  main 
re a so n  fo r  i t s  be ing  the  p r im ary  te ch n iq u e  employed in  rem ote s e n s in g .
There a re  a number o f  l i m i t a t i o n s  to  pho tography  which must be 
c o n s id e re d  when u s in g  pho tography f o r  rem ote  s e n s in g .  For one th in g  
photography  i s  l im i te d  to  d e t e c t i o n  o f  en erg y  w ith  a  w aveleng th  between
0 .3  and 1 .2  m icrons . I f  rem ote  sen s in g  by d e t e c t i o n  i n  an energy  
r e g io n  o th e r  th a n  t h i s  i s  r e q u i r e d ,  a n o th e r  type  o f  system  must be 
u se d .  Also photography  r e c o rd s  th e  energy  re c e iv e d  i n  la rg e  bandw idths 
such as  th e  e n t i r e  v i s i b l e  p o r t i o n  o f  th e  spectrum  o r th e  b lu e  p o r t i o n .  
T h is  l i m i t s  g r e a t l y  th e  amount o f  t ru e  s p e c t r a l  d a ta  which can be 
o b ta in e d .
The re sp o n se  o f  th e  p h o to g rap h ic  method i s  no t th e  same as  th e  
re sp o n se  to  th e  human eye . T h e re fo re ,  th e  to n es  o r  c o lo r s  in
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a photograph  w i l l  n o t  be e x a c t l y  l i k e  th e  o b je c t  photographed as viewed 
by th e  human eye . T h is  does no t n e c e s s a r i l y  p r e s e n t  a  problem 
u n le s s  th e  p h o to g rap h ic  re sp o n se  i s  n o t  r e p e a t a b l e .  However, th e  
d e n s i t y  o f  g r a in s  exposed when s u b je c te d  t o  a  c o n s ta n t  i n t e n s i t y  o f  
energy  i s  no t a  l i n e a r  f u n c t io n  o f  th e  exposed t im e . T h is  fu n c t io n  
i s  c a l l e d  th e  c h a r a c t e r i s t i c  cu rv e  o f  th e  em uls ion  and i s  n o t  on ly  
n o n - l in e a r  b u t  a l s o  changes somewhat from b a tc h  to  b a tc h  due to  
h a n d l in g ,  a tm ospheric  c o n d i t io n s  and o th e r  c a u s e s .  T h e re fo re ,  
r e p e a t a b i l i t y  o f  th e  p h o to g rap h ic  p ro c e ss  i s  somewhat q u e s t io n a b le  i f  
a h igh  degree  o f  accu racy  i s  r e q u i r e d .  The c h a r a c t e r i s t i c  cu rv e  of 
f i lm s  ( d e n s i ty  o f  g r a in s  exposed v e r s u s  energy  i n t e n s i t y )  i s  a l s o  
d i f f e r e n t  f o r  d i f f e r e n t  ty p es  o f  f i lm s  and w aveleng th  o f  th e  energy  
r e c o r d e d .
A lso th e  t r u t h  and r e p e a t a b i l i t y  o f  th e  pho tograph  depends no t 
on ly  on the  s e n s i t i v i t y  o f  th e  em uls ion  i t s e l f  b u t  th e  e n t i r e  pho to­
g ra p h ic  p ro c e ss  as w e l l .  Thus th e  amount and c o lo r  o f  th e  l i g h t ,  
th e  s p e c t r a l  energy  s e n s i t i v i t y  o f  th e  e m u ls io n , th e  type  o f  d e v e lo p e r ,  
method o f  d e v e lo p in g ,  f i x in g  and d ry in g  as w e l l  as th e  p h y s ic a l  
c o n d i t io n s  o f h u m id ity  and te m p e ra tu re ,  c o n t r i b u t e  to  the  f i n a l  r e s u l t .  
For t h i s  r e a so n  photography  may be c o n s id e re d  a  q u a l i t a t i v e  r a t h e r  
th an  a q u a n t i t a t i v e  te c h n iq u e .
F i n a l l y ,  pho tog raphs  g e n e r a l ly  have to  be i n t e r p r e t e d  m anually  
which i s  slow and tim e consuming s in c e  i t  i s  r a t h e r  d i f f i c u l t  to  
c o n v e r t  th e  o u tp u t  from a p h o to g rap h ic  system  to  a form which can  be 
in p u t  to  a computer o r  au tom atic  d a t a  p r o c e s s in g  m achine. T h is  
d i f f i c u l t y  i s  p a r t i a l l y  overcome by making b la c k  and w h ite  t r a n s p a r e n c i e s  
w ith  m ultiband  system s . However, a  g r e a t  d e a l  o f  equipment and e f f o r t
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I s  s t i l l  r e q u i r e d  In  th e  au tom ating  p r o c e s s ,  and th e  d i s c r e t e  number 
o f  a c c u ra te  v o l t a g e  l e v e l s  c o r re sp o n d in g  to  th e  o r i g i n a l  i r r a d i a t i o n  
a s  d e p ic te d  by the  shades o f  g ray  i n  th e  photograph ap p ea rs  l im i t e d  
to  tw enty  o r  l e s s  i n  most c a s e s .
E le c t r o n ic  D e te c t io n  S ystem s
One o f  the  d isad v a n ta g es  o f  pho tography  fo r  remote s e n s in g  i s  i t s  
l i m i t a t i o n  to  sen s in g  in  on ly  th e  v i s i b l e  and n ear  i n f r a r e d  r e g io n s .  
However, e l e c t r o n i c  sen s in g  system s have been developed which can 
o p e ra te  in  the  middle and f a r  i n f r a r e d  r e g io n s  as w e l l  as  the  v i s i b l e  
and n ear  i n f r a r e d  r e g io n .  A nother advan tage  o f  e l e c t r o n i c  d e t e c to r  
system s i s  t h a t  t h e i r  o u tp u t  i s  g e n e r a l ly  i n  a form r e a d i l y  a d a p ta b le  
to  au to m atic  p ro c e s s in g .  For t h i s  d i s c u s s io n  th e s e  system s w i l l  be 
c a te g o r iz e d  i n to  two g roups . One i s  th e rm a l scann ing  system s which 
o p e ra te  in  th e  i n f r a r e d  r e g io n  from 3 to  14 microns and m u l t i s p e c t r a l  
scann ing  systems which re c o rd  energy  in  bands th roughou t th e  u l t r a ­
v i o l e t ,  v i s i b l e ,  and th e  i n f r a r e d  re g io n s  as w e l l .
When c o n s id e r in g  th e  e n t i r e  w aveleng th  r e g io n  o f  en erg y  o r i g i n a t i n g  
from a th e rm a l o r i g i n ,  the  spec trum  ex ten d s  from 0 .2  o r 0 .3  microns to  
1000 m icrons . However, the  p r a c t i c a l  l i m i t  fo r  m easuring energy  in  
t h i s  r e g io n  in  th e  n a t u r a l  environm ent ran g e s  from 0 .3  m icrons to  
ap p ro x im a te ly  15 m icrons . F i f t e e n  microns d e f in e s  the  lo n g e s t  wave­
le n g th  energy  in  th e  f a r  i n f r a r e d  window (8-15 m ic ro n s ) .  The e n t i r e  
r e g io n  from 0 .3  to  15 microns i s  s t i l l  v e ry  b road  and, t h e r e f o r e  
s e v e r a l  d i f f e r e n t  ty p es  o f  e l e c t r o n i c  d e t e c t o r s  must be employed i n  
se n s in g  energy  th roughou t t h i s  r e g io n .  The ty p e  o f  system  used i s  
a l s o  dependent upon th e  a p p l i c a t i o n  and th e  re sp o n se  r e q u i r e d  o f  th e
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sy s te m . For t h i s  r e a s o n  o n ly  a g e n e r a l  d e s c r i p t i o n  o f  th e  e l e c t r o n i c  
d e t e c t i o n  sy s tem s  used  i n  rem o te  s e n s in g  w i l l  be g iv e n .  A more 
d e t a i l e d  d i s c u s s i o n  o f  th e  d e t e c t o r  e le m e n ts  a v a i l a b l e  w i l l  be  made.
The ty p e  o f  d e t e c t o r  e le m e n t  u sed  i n  a  p a r t i c u l a r  s e n s in g  sy s tem  
w i l l  g e n e r a l l y  depend on th e  a p p l i c a t i o n .
The b a s i c  e lem en t  o r  b u i l d i n g  b lo c k  o f  e l e c t r o n i c  d e t e c t o r  sy stem s 
i s  t h e  r a d i o m e t e r ,  w hich 1b an  i n s t r u m e n t  f o r  m e a s u r in g  e l e c t r o m a g n e t i c  
o r  a c o u s t i c  r a d i a t i o n  i n  a  s p e c i f i c  b a n d w id th .  I t  m easures  th e  
i n t e n s i t y  o f  th e  e n e rg y  b e in g  e m i t t e d  o r  r e f l e c t e d  from an  o b j e c t  
e l e c t r o n i c a l l y .  I t s  b a s i c  components a r e  shown i n  F ig u r e  IV -1.
An o p t i c a l  d e v ic e  c o l l e c t s  and fo c u s e s  t h e  e n e rg y  from t h e  o b j e c t  
b e in g  s e n s e d .  I n  t h e  l a b o r a t o r y  t h i s  d e v ic e  may be a  f i b e r  o p t i c  
p ro b e  o r ,  a s  g e n e r a l l y  u sed  i n  f i e l d  w ork , may be a  t e l e s c o p i c  d e v ic e .
A w av e le n g th  s e l e c t o r  s e l e c t s  th e  m edian w a v e le n g th  o f  th e  e n e rg y  to  
be sen sed  and w id th  o f  t h e  band . The s e l e c t o r  may c o n s i s t  o f  f i l t e r s ,  
p r ism s  a n d /o r  d i f f r a c t i o n  g r a t i n g  d e v i c e s .  I f  d i f f e r e n t  w a v e le n g th s  
o f  e n e rg y  a r e  t o  be sen se d  ov e r  a  t im e  i n t e r v a l ,  a  d e v ic e  su ch  a s  a 
m onochrom ater may be u sed  w hich  c o n s i s t s  o f  p r ism  and m ir r o r  d e v ic e s  
w hich c an  be a d j u s t e d  to  s e l e c t  o n ly  t h e  d e s i r e d  w a v e le n g th  o f  en erg y  
r e q u i r e d .  The d e t e c t o r  i s  used  as  t h e  d e v ic e  w hich  c o n v e r t s  t h e  
p h o to n s  o f  e l e c t r o m a g n e t i c  e n e rg y  i n t o  an  e l e c t r i c a l  s i g n a l .  The 
s i g n a l  i s  th e n  a m p l i f i e d  and  r e c o r d e d .
The r a d io m e te r  c an  be u sed  to  m easure  en e rg y  th ro u g h o u t  t h e  
e l e c t r o m a g n e t i c  sp ec tru m  i f  th e  p ro p e r  d e t e c t o r s  a r e  u s e d .  T h is  
d e v ic e  can  be u sed  to  m easure  te m p e ra tu re  d i r e c t l y  i f  th e  e m i s s i v i t y  
o f  t h e  o b j e c t  b e in g  sen se d  i s  known. I f  t h e  sy s tem  i s  d e s ig n e d  t o  
o p e r a t e  in  th e  m iddle  o r  f a r  i n f r a r e d  r e g i o n ,  i t  i s  o f t e n  c a l l e d  a
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th e rm a l  or i n f r a r e d  s e n s in g  system . I f  p u t  on board an  a i r c r a f t  and 
used  to  scan  l a t e r a l l y  a c ro ss  t h e  f l i g h t  p a th  o f  th e  a i r c r a f t ,  the  
sys tem  becomes a th e rm a l  s c a n n e r .  In  t h i s  a p p l i c a t i o n ,  the  r e c o rd e r  
i s  g e n e r a l ly  p h o to g ra p h ic  f i lm .  I f  a  s e r i e s  o f  r a d io m e te rs  a re  i n t e ­
g r a t e d  so t h a t  measurements a re  made in  s e v e r a l  d i f f e r e n t  p o r t i o n s  o f  
th e  energy  spec trum  s im u l ta n e o u s ly  and th e  system  i s  p u t  on board  an 
a i r c r a f t  and used in  a scanning mode, th e  system  i s  c a l l e d  a  m u l t i ­
s p e c t r a l  s c a n n e r .
The most commonly used e l e c t r o n i c  d e t e c t i o n  systems i n  remote 
s e n s in g  a re  th e  th e rm a l  and m u l t i s p e c t r a l  scan n e rs  c a r r i e d  on board 
a i r c r a f t .  In  th e  f u t u r e  i t  i s  ex p ec ted  t h a t  g r e a t e r  u se  w i l l  be made 
o f  th e s e  systems in  many v a ry in g  f i e l d s  o f  a p p l i c a t i o n s .  A lso  i t  i s
ex p ec te d  t h a t  system s o f  t h i s  type  w i l l  be deployed in  s a t e l l i t e s .
A therm al s ca n n e r  c o n s i s t s  o f  a  ra d io m e te r  made to  sweep s id e  to  
s i d e  p e rp e n d ic u la r  to  an a i r c r a f t  l i n e  o f  f l i g h t  and which sen se s  energy  
i n  th e  3-5 m icrons o r  8-14 m icrons r e g io n .  F ig u re  A-13 shows the  sweep 
c h a r a c t e r i s t i c s  o f  a  th e rm a l  scanne r  c a r r i e d  on board  an a i r c r a f t .  The 
r e s o l u t i o n  i s  th e  s m a l l e s t  a r e a  which can be sensed by th e  system  and 
co rre sp o n d s  to  one d a t a  p o in t  i n  a scan . The a r e a  shown shaded in  
F ig u re  A-13 r e p r e s e n t s  th e  r e s o l u t i o n  which depends on th e  o p t i c s  o f  
th e  system , th e  a n g u la r  f i e l d  o f  v iew , and th e  a l t i t u d e  a t  which the
a i r c r a f t  i s  f l y i n g .  The d a ta  r e c e iv e d  can be rec o rd ed  on e le c t ro m a g n e t ic
ta p e  f o r  au tom atic  p ro c e s s in g  a t  a  l a t e r  t im e ,  d isp la y e d  on a ca thode  
r a y  tu b e ,  used to  make an i n f r a r e d  photograph o r  a l l  t h r e e  may be done 
s im u l ta n e o u s ly .  A t y p i c a l  schem atic  of a th e rm a l scanning  system  is  
shown in  F igure  A -14 [ 6 0 ] .
FIGURE 13. METHOD OF SCANNING
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The r a d i a t i o n  from the  ground i s  r e c e iv e d  onto  a  scann ing  m ir ro r  
lo c a te d  on a r e v o lv in g  s h a f t .  The energy  i s  r e f l e c t e d  by the  scann ing  
m ir ro r  th rough an  o p t i c a l  a rrangem ent such as shown i n  F ig u re  A -14 
which fo cu ses  the  incoming r a y s  on th e  a c t i v e  elem ent o f  an  i n f r a r e d  
d e t e c t o r .  When sen s in g  i s  done in  the  3 to  5 micron r e g io n ,  th e  a c t i v e  
elem ent i s  g e n e r a l ly  indium an tim onide  c r y s t a l s .  The a r e a  su rro u n d in g  
th e  d e t e c to r  and th e  d e t e c t o r  must be coo led  w ith  l i q u i d  n i t r o g e n  to  
reduce  the  background r a d i a t i o n  to  an a c c e p ta b le  l e v e l .  I f  sen s in g  
is  be ing  done in  th e  8 t o  14 micron r e g io n ,  c r y s t a l s  o f  doped germanium 
a r r  . ^ u e r a l l y  u sed . The c o o la n t  used in  t h i s  case  i s  l iq u id  helium .
The d e t e c t o r ,  which i s  mounted in  a Dewar f l a s k  w ith  th e  c o o la n t  t o  p r e ­
ven t h e a t  t r a n s f e r  t o  th e  c o o la n t ,  c o n v e r ts  th e  in f r a r e d  r a d i a t i o n  to o n  
e l e c t r i c a l  s i g n a l .  The v a r i a t i o n s  in  th e  e l e c t r i c a l  s i g n a l  w i l l  be 
p r o p o r t i o n a l  to  d i f f e r e n c e s  in  th e  r a d i a t i o n  re c e iv e d  by th e  d e t e c to r  
a s  the  scann ing  m ir ro r  r e v o lv e s .
F i l t e r s  o r  w aveleng th , bandw idth  s e l e c t i o n s  a re  n o t  g e n e r a l ly  
used w ith  th e rm a l scann ing  system s s in c e  th e  range o f  th e  d e t e c to r s  
p lu s  th e  phenomenon o f  the  t r a n s m i s s i v i t y  o f  th e  atm osphere in  e f f e c t  
s e l e c t s  th e  w avelength  and bandwidth o f  th e  energy  d e t e c t a b l e  by th e s e  
system s.
I f  a p h o to g rap h ic  type  o f  image i s  t o  be made, th e  e l e c t r i c a l  
s ig n a l s  from th e  d e t e c t o r  a re  a m p l i f ie d  and used t o  m odulate  a  v a r i a b l e  
i n t e n s i t y  l i g h t  source  such as a  glow tube  as  shown in  F ig u re  A-14.
In  the  case  of a  glow tube p r i n t e r ,  the  o u tp u t  o f  the  tube  i s  focused  
on to  a moving s t r i p  o f  f i lm  by a  r o t a t i n g  m ir ro r  on th e  same s h a f t  as 
the  r e c e iv in g  m i r ro r .  T h is  p roduces  a s t r i p  o f  f i lm  s i m i l a r  to  a 
photograph ta k en  w ith  a  s t r i p  camera. The o u tp u t  can a l s o  be d is p la y e d
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on a  ca th o d e  r a y  tube  and m onitored  i n f l i g h t .  In  some ca se s  i n f r a r e d  
photographs a re  made d i r e c t l y  from th e  ca thode  r a y  tube  d i s p l a y .
The re a so n  t h i s  system i s  commonly c a l l e d  a the rm al r a t h e r  th an  
an in f r a r e d  scan n e r  i s  t h a t  the  tem p e ra tu re  o f  th e  o b je c t s  b e in g  
sensed i s  g e n e r a l l y  th e  p r im ary  f a c t o r  a f f e c t i n g  th e  amount o f  r a d i a t i o n  
r e c e iv e d .  T h e re fo re ,  th e  l i g h t e r  a r e a s  in  an i n f r a r e d  pho tograph  
made in  t h i s  f a s h io n  a re  assumed to  co rre spond  to  th e  a re a s  w i th  th e  
h ig h e s t  te m p e ra tu re .  However, warmer and c o ld e r  as seen  i n  th e  i n f r a r e d  
photograph  does no t n e c e s s a r i l y  co rrespond  d i r e c t l y  to  te m p e ra tu re  bu t 
r a t h e r  to  the  a p p a ren t  r a d i a t i o n  which i s  a l s o  a f f e c t e d  by th e  
e m is s iv i t y  o f  th e  o b je c t  be ing  sen sed . In  th e  case  o f  r e a d in g s  o r  
photographs made over w a te r  where th e  e m is s iv i t y  i s  c o n s t a n t ,  th e  
th e rm a l scanne r  w i l l  d e t e c t  d i r e c t l y  th e  te m p e ra tu re  p a t t e r n s  i n  th e  
w a te r .  P r e s e n t l y ,  t h i s  c a p a b i l i t y  has  been  developed to  a  p o in t  
where te m p e ra tu re  d i f f e r e n c e s  in  w a te r  l e s s  th a n  a t e n t h  o f  a  degree  
can be d e te c te d .
One o f  th e  advan tages  o f  the rm a l scan n e rs  i s  t h a t  th e y  can  be 
used day o r n ig h t .  During th e  day th e  r e f l e c t e d  s o l a r  energy  in  th e  
i n f r a r e d  r e g io n s  beyond 5 microns i s  n e g l i g i b l e  compared to  th e  e m it te d  
energy  so t h a t  th e  prime d i f f e r e n c e  i n  day and n ig h t  measurements made 
in  t h i s  re g io n  a r e  due on ly  to  d iu r n a l  tem p e ra tu re  d i f f e r e n c e s .  T h is  
f a c t  lead s  to  th e  use o f  the  d i f f e r e n c e s  in  the  to n es  o f  o b je c t s  a t  
d i f f e r e n t  tim es o f  th e  day as a method o f  i d e n t i f y i n g  o b je c t s .  T h is  
i s  due to  th e  d i f f e r e n c e  in  h ea t  c a p a c i ty  and th e rm a l  c o n d u c t iv i ty  o f  
o b je c t s  which i f  known c an  be used a s  i d e n t i f y i n g  c h a r a c t e r i s t i c s .
A r e c e n t l y  developed system  which shows g r e a t  promise f o r  f u tu r e  
use  a s  a remote s e n s in g  system  i s  m u l t i s p e c t r a l  scanning  system s . A
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f i g u r a t i v e  l a y o u t  o f  t h i s  ty p e  o f  sy s tem  i s  g iv e n  i n  F ig u r e  A-15. The 
r e s o l u t i o n  and sc a n n in g  c h a r a c t e r i s t i c s  o f  th e  sys tem  a r e  th e  same a s  
fo r  t h e  th e rm a l  s c a n n e r  shown i n  F ig u re  A -13. The m u l t i s p e c t r a l  
s c a n n e r  i s  much l i k e  t h e  th e rm a l  s c a n n e r  i n  o p e r a t i o n  e x c e p t  t h a t  
i n s t e a d  o f  r e c o r d i n g  e n e rg y  i n  o n ly  one ban d w id th  a  number o f  c h a n n e ls  
o r  b an d w ld th s  a r e  u s e d .  These  c h a n n e ls  in  w hich  e n e rg y  i s  r e c o rd e d  
may be i n  t h e  u l t r a v i o l e t ,  v i s i b l e  o r  i n f r a r e d  r e g i o n s .
The m echan ics  o f  th e  m u l t i s p e c t r a l  s c a n n e r s  i s  s i m i l a r  t o  th e  
th e rm a l  s c a n n e r  e x c e p t  t h a t  th e  incom ing  r a d i a t i o n  i s  d iv id e d  i n t o  
d i s c r e t e  b a n d w ld th s  by d i f f r a c t i o n  g r a t i n g s  and p r ism s  a f t e r  w hich i t  
i s  fo c u se d  upon s e p a r a t e  d e t e c t o r s . The o u tp u t  from e ac h  d e t e c t o r  
i s  a m p l i f i e d  and re c o rd e d  s im u l ta n e o u s ly .
The m u l t i s p e c t r a l  s c a n n in g  sy s tem  w hich  h a s  r e c e i v e d  th e  most 
a t t e n t i o n  i s  one d ev e lo p e d  by t h e  W illow  Run L a b o r a to r y  o f  th e  
U n i v e r s i t y  o f  M ich igan . T h is  sy s te m  c o n s i s t s  o f  18 c h a n n e l s .  Twelve 
o f  t h e s e  c h a n n e ls  a r e  in  th e  v i s i b l e  r e g i o n ,  one i s  i n  th e  u l t r a v i o l e t  
r e g i o n  and th e  r e m a in in g  f i v e  a r e  i n  t h e  i n f r a r e d  r e g i o n .  A g r e a t  d e a l  
o f  e f f o r t  i s  p r e s e n t l y  b e in g  made t o  d e v e lo p  com puter  t e c h n iq u e s  f o r  
a u to m a t ic  p r o c e s s i n g  o f  th e  d a t a  p ro d u ced  by t h i s  sy s tem  i n  o r d e r  to  
i d e n t i f y  c ro p s  and s o i l s .  P r e s e n t l y  t h e r e  a r e  numerous a rgum en ts  p ro  
and con a b o u t  t h e  u s e f u l n e s s  o f  t h e  te c h n iq u e s  b e in g  d ev e lo p e d  a s  w e l l  
a s  a rg u m en ts  ab o u t th e  optimum number o f  c h a n n e ls  t o  u s e  i n  m u l t i -  
sp ec  t r a l  s c a n n in g .
One o f  t h e  a d v a n ta g e s  o f  a  m u l t i s p e c t r a l  s c a n n in g  sy s tem  i s  th e  
v e r s a t i l i t y  w hich i t  a l lo w s  th e  I n t e r p r e t e r  i n  d i s p l a y i n g  h i s  r e s u l t s .  
B la ck  and w h i te  p h o to g ra p h s  c an  be made from e a c h  c h a n n e l  o f  i n f o r m a t io n .  
A lso  any t h r e e  c h a n n e ls  can  be combined to  make f a l s e  o r  r e a l  c o l o r
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ph o to g rap h s .  S ince  th e  recorded  d a t a  I s  e l e c t r o n i c  in  n a tu r e ,  the 
o u tp u t  o f  th e  system c an  r e a d i l y  be in p u t te d  to  a  computer which can 
d i s p l a y  th e  r e s u l t s  i n  s e v e r a l  ways. Numerous ch an n e ls  o f  d a t a  a re  
a l s o  a v a i l a b l e  f o r  com parison fo r  u se  i n  au tom atic  i d e n t i f i c a t i o n  by 
a com puter. Due to  th e  volume o f  d a t a  t h a t  i s  r a p i d l y  becoming 
a v a i l a b l e  from rem ote s e n s in g ,  some ty p e  o f  au to m a tic  p ro c e s s in g  
te ch n iq u e  i s  r e q u i r e d  and m u l t i s p e c t r a l  d a ta  i s  th e  most amenable to  
au to m a tic  i n t e r p r e t a t i o n .  As th e  number o f  bands i s  in c re a s e d  th e  
chances o f  f in d in g  an i d e n t i f y in g  p a t t e r n  fo r  each  o b j e c t  r e c e iv e d  
becomes more l i k e l y  and more r e l i a b l e .  However, t h i s  does in c r e a s e  
th e  amount o f  d a ta  to  be p ro cessed .
There  a r e  s e v e r a l  d isad v a n ta g es  to  m u l t i s p e c t r a l  scan n in g  system s. 
The main problem  w ith  such  systems i s  t h e i r  expense and co m p le x i ty .
Also th e  s p a t i a l  r e s o l u t i o n  i s  poor when compared t o  s i m i l a r  d a t a  
o b ta in ed  w i th  p h o to g rap h ic  system s.
The b a s ic  e lem ent invo lved  in  any  o f  th e  system s d i s c u s s e d  i s  
th e  d e t e c t o r  which c o n v e r t s  the  r e c e iv e d  e le c t ro m a g n e t ic  en erg y  in to  
a m easurab le  e l e c t r i c a l  s i g n a l .  T here  a re  many d i f f e r e n t  ty p e s  o f  
d e t e c to r s  and th e  one o r  ones used i n  any system w i l l  depend on th e  
a p p l i c a t i o n  and the  w aveleng th  o f  th e  energy  to  be m easured . There  
a re  a number o f p a ram e te rs  Involved i n  the  s e l e c t i o n  o f  a  p a r t i c u l a r  
d e te c to r  f o r  a p a r t i c u l a r  a p p l i c a t i o n .  These p a ram ete rs  o r  c h a ra c ­
t e r i s t i c s  o f  d e t e c to r s  can  be d iv id e d  i n t o  f iv e  groups as d is c u s s e d  
below.
1. The minimum r a d i a n t  f lu x  which w i l l  g e n e ra te  a  s i g n a l .  That 
i s ,  the  s i g n a l  must be h ig h  enough to  be d e te c te d  above th e  n o is e  
which i s  g e n e ra te d  due to  background r a d i a t i o n  and e l e c t r o n i c  n o is e
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from th e  a s s o c ia te d  c i r c u i t r y .
2 . The w avelength  range in  which th e  d e te c to r  w i l l  g e n e r a te  a  
u s e f u l  s i g n a l .  The s ig n a l  may be a d i r e c t  v o l ta g e  o u tp u t  o r  a 
r e s i s t a n c e  change which can be co n v e r ted  i n t o  a v o l ta g e  r e a d in g  and 
a m p l i f ie d .
3. The l i n e a r i t y  and o u tp u t  o f  th e  d e t e c t o r  p e r  u n i t  o f  i n c id e n t  
r a d i a n t  f l u x .
4 . The tim e l a g  in  the  d e t e c t o r  and c i r c u i t r y  from tim e  o f  
in c id e n t  energy  on th e  d e te c to r  to  s ig n a l  o u tp u t .  I f  th e  s i g n a l  i s  to  
be a m p lif ie d  by an A.C. c i r c u i t ,  th e  c i r c u i t  frequency  must be l e s s  
th a n  the  tim e c o n s ta n t  frequency  o f  th e  d e t e c t o r .
5 . The s p e c t r a l  c h a r a c t e r i s t i c s  o f  th e  d e t e c t o r .  The same l e v e l  
o f  in c id e n t  r a d i a t i o n  w i l l  no t g e n e r a te  th e  same s ig n a l  l e v e l  from a 
d e t e c to r  i f  the  energy  w avelength  i s  d i f f e r e n t .  T h e re fo re ,  c a l i b r a t i o n  
may be re q u i r e d  a t  s e v e r a l  p o in t s  in  th e  spec trum .
D e te c to rs  can be b roken  down in to  two g ro u p s .  Those used  p r im a r i l y  
in  the  i n f r a r e d  r e g io n  and th o se  used in  u l t r a v i o l e t ,  v i s i b l e ,  and 
n ea r  i n f r a r e d  r e g io n s .  The d e t e c t o r s  used in  the  i n f r a r e d  r e g io n  
in c lu d e  two b a s ic  ty p e s  -  th o se  whose o u tp u t  depends on a h e a t in g  
e f f e c t  o f  th e  e lem ent and those  t h a t  have a  p ro p e r ty  change because  
o f  d i r e c t  a b s o r p t io n  o f  photons to  g e n e ra te  charged  p a i r s  o f  e l e c t r o n s .  
T h is  l a t e r  group must be cooled  t o  o p e ra te  e f f e c t i v e l y .  F ig u re  A-16 
shows the  s e n s i t i v i t e s  o f  d e t e c to r s  used in  i n f r a r e d  s e n s in g .  The 
d e t e c t o r s  used in  th e  v i s i b l e  and a d ja c e n t  r e g io n  a r e  p h o to m u l t i p l i e r  
tu b e s  and a s  such a re  based  on the  p h o to em iss iv e  e f f e c t .
Thermal d e t e c to r s  a re  used p r im a r i ly  fo r  sen s in g  in  th e  in f r a r e d  
r e g io n .  These type o f  d e t e c to r s  depend on th e  h e a t in g  e f f e c t  o f  th e
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energy  b e in g  r e c e iv e d  i n  o rd e r  to  g iv e  a r e a d in g .  The therm ocouple  
d e t e c t o r  i s  th e  most common type  o f  th e rm a l d e t e c t o r  used i n  i n f r a r e d  
energy  measurements. A t y p i c a l  r e p r e s e n t a t i o n  o f  a therm ocouple  
c i r c u i t  i s  shown i n  F ig u re  A-17.
In  th e  c a se  o f a therm ocoupls  d e t e c t o r ,  th e  a c t i v e  j u n c t i o n  i s  
a t ta c h e d  to  a b lackened low mass p l a t e  which i s  used  as  a  r e c e i v e r .
The r e c e i v e r  i s  norm ally  p ro te c te d  by a case  which has  an opening  
th rough  which th e  i n c id e n t  r a d i a t i o n  re a c h e s  th e  r e c e i v e r .  The opening 
i s  en c lo sed  by a su b s tan ce  such as a NaCl, KBr o r fu sed  s i l i c a  c r y s t a l .  
The type of su b s tan ce  used  f o r  th e  open ing  w i l l  l i m i t  th e  ran g e  o f  
in c id e n t  r a d i a n t  energy  t h a t  w i l l  impinge on th e  r e c e i v e r .  T h is  i s  
one o f  the  c h a r a c t e r i s t i c  f a c t o r s  invo lved  in  p ic k in g  a the rm ocoup le . 
The r e c e i v e r  i s  a t ta c h e d  t o  the  c a se  by t h i n  s u p p o r t  f i b e r s  made o f  a 
m a te r i a l  w i th  as  low a th e rm a l  c o n d u c t iv i ty  as p o s s i b l e .
The c o ld  ju n c t io n  i s  a t t a c h e d  to  th e  w a l l  o f  t h e  c a s e .  Thus th e  
o u tp u t  o f  th e  d e v ice  i s  a  f u n c t io n  o f  the  te m p e ra tu re  d i f f e r e n c e  
between the  c a se  and th e  r e c e i v e r  which i s  assumed to  be in  the rm al 
e q u i l ib r iu m  w ith  th e  o b j e c t  whose r a d i a n t  energy  i s  be ing  m easured. 
T h e re fo re ,  i n  o rd e r  f o r  a  therm ocouple d e t e c to r  t o  be used i n  th e  f a r  
i n f r a r e d  r a n g e ,  th e  c a se  w i l l  g e n e r a l ly  have to  be coo led  t o  lower th e  
te m p e ra tu re  o f  th e  c o ld  ju n c t io n  and to  minimize th e  energy  which 
might be e m it te d  to  th e  r e c e iv e r  by th e  c a se .
In  o rd e r  t o  e l im in a te  as much as  p o s s ib le  th e  h e a t  t r a n s f e r  due to  
c o n n ec t io n  between th e  c a se  and r e c e i v e r ,  th e  c a se  may be e v acu a ted  i f  
v e ry  sm all i r r a d i a t i o n  measurements a re  t o  be made. However, fo r  
a m p l i f i c a t io n  purposes i t  may not be d e s i r a b l e  to  minimize th e  
r e s i s t a n c e  to  energy lo s s e s  from th e  r e c e i v e r  s in c e  th e  time c o n s ta n t
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f o r  a  th e rm o co u p le  d e t e c t o r  I s  p r o p o r t i o n a l  t o  t h i s  r e s i s t a n c e  t im es  
t h e  h e a t  c a p a c i t y  o f  t h e  r e c e i v e r  [ 5 5 ] .  A ga in  th e  d e s ig n  o f  th e  
d e t e c t o r  w i l l  depend on th e  a p p l i c a t i o n .
A n o th e r  t y p e  o f  th e r m a l  d e t e c t o r  i s  t h e  b o lo m e te r  w hich  has  b e en  
a d a p te d  f o r  d e t e c t i o n  o f  i n f r a r e d  e n e r g y .  The b o lo m e te r  d e t e c t o r  
i s  s i m i l a r  t o  a  th e rm o co u p le  d e t e c t o r  e x c e p t  t h a t  th e  v o l t a g e  p ro d u c in g  
e lem en t o f  t h e  th e rm o co u p le  i s  r e p l a c e d  by  a  r e s i s t a n c e  p ro d u c in g  
e lem en t  w i th  t h e  r e s u l t i n g  change  i n  c i r c u i t r y .  I r r a d i a t i o n  o f  t h e  
a c t i v e  e le m e n t  c a u s e s  a  t e m p e r a tu r e  r i s e  i n  th e  e lem en t  w hich  p ro d u c e s  
a  c o r r e s p o n d in g  change i n  r e s i s t a n c e .  T h e r e f o r e ,  l i k e  t h e  th e rm o co u p le  
d e t e c t o r ,  t h e  r e s p o n s e  o f  th e  d e t e c t o r  i s  b a se d  on th e  h e a t i n g  o f  th e  
a c t i v e  e le m e n t  by t h e  i r r a d i a t i o n .  Thus f o r  s m a l l  v a l u e s  o f  i r r a d i a t i o n  
t o  be m easured  i n  t h e  f a r  i n f r a r e d  r e g i o n ,  th e  b e s t  r e s u l t s  w i l l  be  
o b ta in e d  i f  th e  b o lo m e te r  c a s e  i s  c o o le d .
O ther  ty p e s  o f  th e rm a l  d e t e c t o r s  c a n  be p roduced  w hich  c o n v e r t  th e  
h e a t i n g  e f f e c t  o f  th e  i r r a d i a t i o n  i n t o  a  m e c h a n ic a l  movement w h ich  c an  
be s e n s e d .  One way t h i s  i s  done i s  by  e x p a n s io n  o f  a  g a s  a g a i n s t  a 
b e l lo w s  c o n n e c te d  t o  a  v a r i a b l e  r e s i s t o r .
Therm al d e t e c t o r s  a r e  n o t  g e n e r a l l y  u sed  i n  a i r b o r n e  rem o te  s e n s in g  
b e c a u s e  t h e  r e s p o n s e  t im e  in v o lv e d  i n  t h e  r e c e i v e r  e le m e n t  r e a c h in g  
th e rm a l  e q u i l i b r i u m  w i th  t h e  o b j e c t  b e in g  s e n se d  i s  l o n g e r  th a n  th e  
v ie w in g  t im e .  T h e r e f o r e ,  d e t e c t o r s  a r e  used  w hich  depend on th e  
p h o to c o n d u c t iv e  o r  p h o t o v o l t a i c  e f f e c t .  M a t e r i a l s  w hich  e x h i b i t  t h e s e  
p r o p e r t i e s  and w hich a r e  used  i n  i n f r a r e d  d e t e c t o r s  a r e  shown i n  
F ig u re  A -16. P h o to n  d e t e c t o r s  a r e  b ased  on th e  e f f e c t  o f  p h o to n  
c o l l i s i o n  w i th  t h e s e  m a t e r i a l s .  P h o to c o n d u c t io n  t a k e s  p l a c e  when th e  
p h o to n s  c a u s e  e l e c t r o n s  t o  be e x c i t e d  from  th e  v a la n c e  band o f  th e
m a t e r i a l  t o  t h e  c o n d u c t io n  band th u s  c h an g in g  th e  c o n d u c t iv e  
c h a r a c t e r i s t i c s  o f  t h e  m a t e r i a l .  The p h o t o v o l t a i c  e f f e c t  t a k e s  p la c e  
when a v o l t a g e  p o t e n t i a l  i s  in t r o d u c e d  i n  a  m a t e r i a l  due t o  bombardment 
by p h o to n s .  Most i n f r a r e d  d e t e c t o r s  u sed  i n  a i r b o r n e  rem o te  s e n s in g  
u s e  t h e  p h o to c o n d u c t iv e  e f f e c t .
S in ce  t h e s e  e f f e c t s  a r e  b ased  on th e  e n e rg y  o f  th e  p h o to n s  w hich  
i s  a  f u n c t i o n  o f  t h e  w a v e le n g th ,  d e t e c t o r s  made u s i n g  p h o to n  e f f e c t s  
show a q u i t e  d e f i n i t e  c u t o f f  p o i n t  as  s e e n  i n  F ig u r e  A-16. T h is  c u t o f f  
p o i n t  c o r r e s p o n d s  t o  th e  w a v e le n g th  a t  w hich  n o t  enough e n e rg y  i s  
a v a i l a b l e  i n  t h e  p h o to n  to  move th e  e l e c t r o n  i n t o  t h e  c o n d u c t io n  b and .
The d e t e c t o r s  g e n e r a l l y  u sed  t o  m easure  e n e rg y  e m is s io n s  i n  th e  
u l t r a v i o l e t  and v i s i b l e  r e g io n s  a r e  b a sed  on  th e  p h o to e m ls s iv e  e f f e c t .  
P h o to e m is s io n  t a k e s  p la c e  i n  a  m a t e r i a l  w here th e  incom ing  p h o to n s  
have enough e n e r g y  t o  c a u s e  t h e  m a t e r i a l  t o  r e l e a s e  e l e c t r o n s .  S in c e  
t h e  e n e rg y  r e q u i r e d  f o r  t h e  p h o to e m ls s iv e  e f f e c t  ( rem o v a l  o f  e l e c t r o n s  
from  th e  a to m ic  s t r u c t u r e )  i s  r e l a t i v e l y  h i g h ,  d e t e c t o r s  b a se d  on  t h i s  
t e c h n iq u e  a r e  n o t  u s a b l e  e x c e p t  i n  th e  s h o r t e r  w a v e le n g th  r e g i o n  w here  
t h e  en e rg y  p e r  p h o to n  i s  h i g h e r  t h a n  i n  t h e  i n f r a r e d  r e g i o n .  D e te c to r s  
o f  t h i s  ty p e  a l s o  e x h i b i t  s h a r p  c u t - o f f  p o i n t s  and th e  r e s p o n s e  i s  
s t r o n g l y  a f f e c t e d  by t h e  w a v e le n g th  o f  t h e  e n e r g y .  T h is  i s  b e c a u se  
t h e  e f f e c t  o f  t h e  p h o to n  im pingem ent i s  a  f u n c t i o n  o f  t h e  number o f  
p h o to n s  and n o t  t h e  e n e rg y  in v o lv e d  i f  t h e  e n e rg y  in v o lv e d  w i th  a
p h o to n  i s  above a  c e r t a i n  t h r e s h o l d  l e v e l .
The most common ty p e  o f  p ho toem iB sive  d e v ic e  1b a  p h o t o m u l t i p l i e r  
t u b e .  Examples a r e  RCA 1P21 and 1P28 t u b e s .  The r e s p o n s e  o f  t h i s
ty p e  o f  tu b e  i s  shown i n  F ig u r e  A -18. These  tu b e s  o p e r a t e  on a  c a s c a d e
e f f e c t  w hich i s  p roduced  by a  s e r i e s  o f  s ec o n d a ry  p l a t e s .  The p r im a ry
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c a th o d e  i s  p h o to e m ls s iv e  w hich  s e t s  up a c h a in  r e a c t i o n  ty p e  o f  
e f f e c t  when e l e c t r o n s  a r e  e m i t t e d  from I t  a f t e r  b e in g  h i t  by p h o to n s .  
B ecause o f  th e  m u l t i p l y i n g  e f f e c t , a  r e a d i l y  d e t e c t a b l e  s i g n a l  c a n  
be p ro d u c e d .
Once a  r a d i a t i o n  m easurem ent sy s tem  i s  s e t  up i t  must b e  c a l i b r a t e d  
which can  be a  d i f f i c u l t  and f r u s t r a t i n g  t a s k  s i n c e  sy s tem s c a l i b r a t e d  
i n  a  l a b o r a t o r y  u n d e r  i d e a l  c o n d i t i o n s  do n o t  o f t e n  f u n c t i o n  t h e  same 
under l e s s  i d e a l  c o n d i t i o n s .  One way t o  overcome t h i s  i s  t o  b u i l d  an  
i n t e r n a l  c a l i b r a t i o n  sy s tem  i n t o  th e  in s t ru m e n t  [ 5 l J .  I n  o r d e r  t o  
c a l i b r a t e  th e  sy s te m s ,  a  s t a n d a r d  r a d i a n t  so u rce  i s  o f t e n  u s e d .  The 
so u rce  sh o u ld  em it  e n e rg y  i n  t h e  w av e le n g th  o f  i n t e r e s t  and i n  a  manner 
s i m i l a r  t o  t h e  o b j e c t  whose r a d i a t i o n  i s  to  be d e t e c t e d  b u t  w i t h  a  
known i n t e n s i t y .
I n  rem o te  s e n s in g  m onochrom atic  m easurem ents a r e  g e n e r a l l y  t a k e n .  
S e v e r a l  s o u rc e s  may be  r e q u i r e d  t o  c o v e r  th e  ra n g e  o f  i n t e r e s t .  I n  
th e  u l t r a v i o l e t  and v i s i b l e  r e g i o n ,  a  gas  d i s c h a r g e  tu b e  e n c lo s e d  in  
q u a r t z  may be  used  a s  a  s o u r c e .  I n  th e  v i s i b l e  and  n e a r  v i s i b l e  
r e g io n s  t u n g s t e n  s t r i p s  may be u s e d .  The i n t e n s i t y  o f  th e  e n e rg y  o u tp u t  
w i l l  be d e te rm in e d  by t h e  v o l t a g e  a c r o s s  t h e  s t r i p s .  S in c e  t h e  t u n g s t e n  
s t r i p s  m ust be e n c lo s e d  i n  an  i n e r t  g a s ,  a  g l a s s  e n v e lo p e  i s  r e q u i r e d  
which makes s t a n d a r d  m easurem ents  w i th  t h i s  so u rc e  im p o s s ib le  i n  much 
o f  th e  i n f r a r e d  r e g i o n .  T h e r e f o r e ,  i n  th e  i n f r a r e d  r e g i o n  beyond 2 
m icrons a  G lo b a r  h e a t i n g  e le m e n t  i s  o f t e n  u se d .  A G loba r  c o n s i s t s  o f  
a s i n t e r e d  t u n g s te n  c a rb o n  ro d  w hich  c a n  be  h e a te d  i n  a i r  up to  
2700°R. S in c e  th e  e lem en t  c an  be h e a te d  in  th e  a i r ,  i n f r a r e d  r e a d in g s  
can  be made. The s o u rc e s  d e s c r ib e d  a r e  o n ly  a  few o f  th o s e  a v a i l a b l e .
Anyone i n t e r e s t e d  in  s ta n d a rd  so u rces  should  f i r s t  o u t l i n e  h i s  r e q u i r e ­
ments b e fo re  d e c id in g  on the  type  o f  system  he w i l l  u se .
The advan tages  o f  e l e c t r o n i c  d e t e c t i o n  system s can be d iv id e d  
i n to  t h r e e  g ro u p s .  The f i r s t  i s  t h a t  w ith  e l e c t r o n i c  d e t e c to r s  
r a d i a n t  en erg y  can  be measured th ro u g h o u t th e  w aveleng th  r e g io n s  o f  
the rm al o r i g i n a t e d  energy  which a r e  a v a i l a b l e  i n  th e  a tm ospheric  
windows. Secondly , th e  s p e c t r a l  d i s t r i b u t i o n  o f  t h e  r a d i a t i o n  i s  
d i s c e r n a b le .  T h i r d ly ,  th e  o u tp u t  from e l e c t r o n i c  d e t e c t o r  system s i s  
r e a d i l y  amenable t o  computer systems and au to m a tic  I n t e r p r e t i v e  
p ro c e d u re s .  The d is a d v a n ta g e s  o f th e s e  systems can  be summed i n  two 
words — c o s t  and co m p lex ity .
APPENDIX B 
BALLOON LAUNCH PROCEDURE AND TEST LOG
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The fo llo w in g  i s  an o u t l i n e  o f  th e  p rocedu re  used  t o  launch  th e  
b a l lo o n /m i r r o r  system  used f o r  making s t a b i l i t y  t e s t s  
I .  Assemble a l l  equipment
A. O bta in  use o f  s u i t a b l e  f i e l d
B. Rent t r u c k
C. Assemble a l l  equipment fo r  b a l lo o n  system
D. Assemble in s t r u m e n ta t io n  and m easuring  equipment
E . Load t ru c k
F. C arry  a l l  equipment to  t e s t  s i t e
I I .  P repa re  to  launch  b a l lo o n
A. P lace  a m arker n e a r  c e n t e r  of f i e l d
B. D rive s ta k e s  i n to  the  ground
1 . From m arker l a y  o f f  a c i r c l e  w i th  a r a d iu s  
which w i l l  g iv e  th e  b a l lo o n  c a b le  the  r e ­
q u ire d  a n g le s  when a t ta c h e d  to  s ta k e s  on 
th e  c i r c l e
2 .  On c i r c l e  d r iv e  s ix  s ta k e s  60° a p a r t
C. A t ta c h  winch and c a b le  t o  s ta k e s  n e a r e s t  d i r e c t i o n  
o f  th e  p r e v a i l i n g  wind
D. A t ta c h  o th e r  two winches so th a t  a l l  t h r e e  a r e  
120° a p a r t
E. D rive th r e e  s ta k e s  f o r  m i r r o r  system  i n t o  ground
1. P lace  so  t h a t  c a b le  an g le  w i l l  be 60°
2 .  P lace  120° a p a r t
F . Set up e l e c t r i c a l  g e n e r a to r  and check  ou t
G. Check ou t a l l  o th e r  e l e c t r i c a l  equipment
H. R o ll  o u t  b a l lo o n  c a b le s  to  marker
2 5 3
I .  Snap c a b le s  t o g e t h e r
J .  P u l l  c a b le s  t i g h t l y  w i th  w inches  so t h a t  b a l lo o n  
snaps a r e  lo c a t e d  over m arker
I I I .  Launch B a llo o n
A. L oca te  h e l iu m  b o t t l e s  n e a r  m arker
B. R o l l  ou t b a l lo o n
C. A t ta c h  c a b le s  to  b a l lo o n  apex  r in g
D. A t ta c h  s a f e t y  l i n e  to  b a l lo o n  apex r i n g
E. Connect r e g u l a t o r  v a lv e  and q u ic k  d i s c o n n e c t  to  
h e liu m  b o t t l e s  and f i l l  b a l lo o n
1 .  Hold b a l lo o n  by  s t r a p  a t  nose
2 .  F i l l  b a l l o o n  u n t i l  a rrow s  meet
F .  U sing s a f e t y  l i n e  l e t  b a l l o o n  r i s e  u n t i l  r i n g  i s  
a p p ro x im a te ly  6 f e e t  above th e  ground
G. A t ta c h  m i r r o r  and t a r g e t  t o  r i n g
H. A t ta c h  m i r r o r  c a b le s  to  m i r r o r  h o ld e r
I .  R o l l  o u t  m i r r o r  c a b le s  t o  s t a k e s  and le a v e  f r e e  to  
u n r o l l  as  b a l l o o n  i s  r a i s e d
J .  A tta c h e d  marked plumb-bob l i n e  to  m i r r o r  c o rn e r  w i th  
s l i p  kn o t
K. S low ly l e t  b a l lo o n  r i s e  u n t i l  s a f e t y  l i n e  i s  lo o se  
L . L oca te  w orkers  a t  each  winch and s low ly  unwind u n t i l  
m i r r o r  i s  a t  d e s i r e d  h e ig h t  
M. A t ta c h  plumb-bob a t  p o in t  marked on l i n e  and a d j u s t  
c a b le s  u n t i l  plumb-bob shows m i r r o r  t o  be d i r e c t l y  
o v e r  m arker and a t  r i g h t  h e i g h t .
N. Lock winches and t i e  o f f  s a f e t y  l i n e  to  a  s ta k e  so
t h a t  i t  hangs loose  b u t  d o e s n ' t  d rag  on m ir ro r
0 .  Detach plumb-bob and plumb-bob l i n e
IV. S t a b i l i z e  M ir ro r  System
A. P u l l  m i r r o r  c a b le s  to  th e  s ta k e s
B* A tta c h  f a s t e r n e r s  so t h a t  c a b le s  when a t ta c h e d  to
s ta k e s  j u s t  b e g in  to  e l im in a te  sag
C. Check te n s io n  in  c a b le s  w ith  sp r in g  s c a le s
D. A d ju s t  t e n s io n  in  c a b le s  so  t h a t  th e y  a r e  eq u a l  
and g iv e  d e s i r e d  downward p u l l  on m ir ro r  system .
V. Begin T e s ts
The fo l lo w in g  i s  a log  o f  the  launch  and t e s t i n g  o f  th e  fo u r  800
cu b ic  f e e t  b a l lo o n s  used in  th e  s t a b i l i t y  t e s t s .
F i r s t  B alloon  Launch - June 5 .  1973
The f i r s t  b a l lo o n  was launched g e n e r a l l y  i n  accordance  w ith  th e  
p rocedure  o u t l i n e d .  However, a  s a f e t y  l i n e  was no t a t t a c h e d  s in c e  i t  was 
though t a t  th e  tim e of th e  f i r s t  launch  t h a t  th e  c a b le s  were s t ro n g
enough to  ho ld  th e  b a l lo o n  under any c o n d i t i o n s .  The b a l lo o n  launch
was completed by 10:00 A.M. Weather was c l e a r  w ith  on ly  s c a t t e r e d  
c lo u d s .  Three  and one h a l f  c o n ta i n e r s  o f  he lium  were r e q u i r e d  to  f i l l  
th e  b a l lo o n .  The m ir ro r  appeared  to  be v e ry  s t a b l e ,  however, no t a r g e t  
was a t ta c h e d  to  the  m i r r o r .  No t e s t s  o f  th e  s t a b i l i t y  o f  th e  m ir ro r  
system  was planned f o r  s e v e r a l  days s in c e  the  f i r s t  t e s t  was m ostly  to  
d e te rm in e  th e  f l i g h t  c h a r a c t e r i s t i c s  and o p e r a t io n a l  l i f t  o f  th e  b a l lo o n .
Because o f  th e  b u i ld  up o f th u n d e rs to rm s ,  th e  b a l lo o n  was lowered 
a t  2 :00  P.M. T h is  was accom plished by c ran k in g  in  on th e  th r e e  t e t h e r  
l i n e s  to  th e  b a l l o o n .  The th r e e  l i n e s  to  th e  m ir ro r  were s e t  f r e e .
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When th e  b a l lo o n  was lowered t o  th e  p o in t  where the  m ir ro r  was s ix  
f e e t  above th e  g round , th e  snap on th e  b a l lo o n  end of one o f  th e  
c a b le s  b ro k e . T h is  was caused by p u l l in g  too  much te n s io n  in  th e  l i n e s  
w h ile  t r y in g  t o  b r i n g  th e  b a l lo o n  down. The b a l lo n  was th e n  t i e d  down 
by u s in g  only  one o f  the  o r i g i n a l  c a b le s .  T h is  was done by c ran k in g  in  
on one o f the  rem a in ing  c a b le s  and l e t t i n g  th e  o th e r  go f r e e .  The nose 
o f  th e  b a l lo o n  was th e n  roped and t i e d  down t o  a n o th e r  s ta k e  a  few f e e t  
from the  ground.
At 3 :30  P.M. a  l a rg e  g u s t  o f  wind from the  so u th -so u th w es t  h i t  th e  
b a l lo o n  from a th u n d e rs to rm . The b a l lo o n  was th en  fo rced  downwards i n to  
the  f r o n t  s tak e  and d e s t ro y e d .
Second B alloon  Launch - June 7, 1973
A second b a l lo o n  was launched a t  7:35 A.M. on June 7, 1973. In  
o rd e r  to  e l im in a te  th e  problems en coun te red  w ith  th e  f i r s t  b a l lo o n ,  
a s a f e t y  l in e  was a t ta c h e d  to  th e  nose o f  th e  b a l lo o n  and s t r o n g e r  
snaps were o b ta in e d  to  r e p la c e  th e  ones used in  th e  f i r s t  t e s t .  The 
s a f e t y  l i n e  was a t t a c h e d  p r im a r i ly  to  h e lp  lower the  b a l lo o n  i f  needed . 
The l i n e  was made o f  ny lon  w i th  a  b re a k in g  s t r e n g t h  of 500 pounds. The 
c a b l in g  a rrangem ent was as  de te rm ined  in  th e  I n i t i a l  s tu d y  w i th  the  
le a d  c a b le  in  a s o u th e a s t  d i r e c t i o n  which was supposed to  be the  
d i r e c t i o n  of the  p r e v a i l i n g  w inds . At th e  time o f launch  th e  winds were 
calm and the  sky c l e a r .  As th e  day p ro g ressed  th e  winds p icked  up 
from th e  n o r th e a s t  a t  3 t o  7 m ile s  pe r  h o u r .  Again i t  was no ted  t h a t  
th e  m i r r o r  appeared  s t a b l e .  A f i lm  c l i p  o f  the  launch  was made.
At 3 :30  P.M. s to rm s b eg a in  t o  b u i ld  in  th e  a r e a .  The b a l lo o n  was 
then  lowered t o  ap p ro x im a te ly  75 f e e t .  The m ir ro r  was a t  50 f e e t .  
L ig h tn in g  go t c lo se  so  the  b a l lo o n  was l e f t  u n a t te n d e d .  The nose was
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l o o s e l y  t i e d  w i th  n y lo n  c o rd  t o  a s t a k e  in  th e  e a s t  d i r e c t i o n  from th e  
apex  o f  th e  b a l lo o n .
A t 3 :3 0  P.M. r a i n  and h ig h  winds a lo n g  w ith  in te n s e  l i g h t n i n g  
b eg an .  The b a l lo o n  was t o s s e d  ab o u t a  g r e a t  d e a l .  I t  was n o te d  t h a t  
some h e l iu m  had been l o s t  and t h a t  th e  b a l lo o n  was w r in k l in g  somewhat 
in  th e  h ig h  w in d s .  A f t e r  a p p ro x im a te ly  15 m in u te s  h a i l  b egan  to  f a l l .
At t im es  th e  b a l lo o n  was d r i v e n  a lm o s t  t o  th e  ground b e f o r e  r i s i n g  b ack  
up . Storm i n t e n s i t y  and h a i l  in c re a s e d  u n t i l  th e  b a l lo o n  was d r iv e n  so  
low a t  one tim e th a t  th e  m i r r o r  and l a t e r  th e  b a l lo o n  i t s e l f  was d r iv e n
to  th e  g ro u n d .  Winds were from the  n o r th - n o r th w e s t .  The b a l l o o n  th e n
whipped b ack  up and w ith  a j e r k i n g  m o tion  and snapped th e  l i n e  ly in g
to  th e  n o r t h .  The l i n e  t o  th e  w est th e n  snapped when a l l  th e  fo r c e  was
p u t on i t .  The ny lon  l i n e  th e n  a l s o  b ro k e  a f t e r  b e in g  weakened by ru b b in g  
a c r o s s  th e  s ta k e  to  w hich i t  was a t t a c h e d .  The b a l l o o n  th e n  moved to  
th e  s o u t h e a s t  and was l a s t  s e e n  over U n i v e r s i t y  L ake . The l i n e  a t ta c h e d  
to  th e  s o u th e a s t  he ld  long  enough t o  keep  th e  b a l lo o n  low so t h a t  the  
m i r r o r  r i g g i n g  caught in  a  t r e e  and was r ip p e d  from  th e  b a l l o o n .  The 
b a l lo o n  th e n  escaped  when th e  l a s t  c a b le  b r o k e .
T h ird  B a l lo o n  Launch -  March 30 .  1974
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A t h i r d  800 f t  b a l lo o n  was launched  on March 30 , 1974. The w ea th e r  
was c l e a r .  Winds were l i g h t  and v a r i a b l e  m o s t ly  from th e  w est  o r  
s o u th w e s t .  A l l  equipment was assem bled  i n  th e  f i e l d  by 8 :0 0  A.M. The 
c e n t e r  m ark e r  was p laced  and th e  s ta k e s  were s e t  up . The f i r s t  s ta k e  
was s e t  up to  g ive  the b a l l o o n  c a b le  an  a n g le  o f  30° w i th  r e s p e c t  to  
th e  h o r i z o n t a l  and was o r i e n t e d  in to  th e  ex p ec ted  p r e v a i l i n g  wind 
d i r e c t i o n  a s  seen  on F ig u re  B - l .  The o t h e r  two b a l lo o n  c a b le s  were 
p la ce d  to  g iv e  120° betw een a l l  c a b le s  and to  g iv e  c a b le  a n g le s  o f  4 5 ° .
FIGURE B-l. PREVAILING WIND DIRECTION AND MEAN SPEED
S tak es  fo r  th e  m ir ro r  system  were p laced  in s id e  th e  b a l lo o n  c a b le  s ta k e s  
and p o s it io n e d  so  th a t  the  m ir ro r  c a b le  a n g le s  would be th e  same a s  
th e  b a llo o n  c a b le  a n g le s .  The w inches were th e n  a tta c h e d  to  the  s ta k e s  
and th e  launch  proceeded a s  o u t l in e d  w ith  th e  e x c e p tio n  t h a t  th e  plumb- 
bob l in e  was n o t d e tach ed  a f t e r  p o s i t io n in g  o f th e  m ir r o r .  The lau n ch  
was com pleted a t  10:15 A.M. w ith  th e  m ir ro r  p o s i t io n e d  a t  an  a l t i t u d e  
o f 100 f e e t .  A photograph  o f  th e  b a l lo o n  b e in g  launched i s  g iv en  
in  F ig u re  B -2 . The m ir ro r  c a b le s  w ere th en  p u lle d  in  te n s io n  and 
a tta c h e d  to  s ta k e s .  The te n s io n s  p u lle d  w ere f iv e  pounds fo r c e  on th e  
two s h o r t  c a b le s  and fo u r  pounds on th e  long  c a b le .  These f o r c e s  were 
c a lc u la te d  to  g iv e  15 pounds o f downward p u l l  on th e  apex from  the  
m ir ro r  sy stem . I t  was no ted  th a t  when th e  m ir ro r  c a b le s  were p u lle d  in  
te n s io n  as  s ta t e d  th a t  th e  main b a llo o n  c a b le s  sagged more th a n  th e  
m ir ro r  c a b le s .  S ince th e  b a llo o n  c a b le s  were much h e a v ie r  t h i s  cou ld  
occur when th e  te n s io n  on th e  b a l lo o n  c a b le s  were ab o u t th e  same o r l e s s  
th an  th e  te n s io n  in  the  m ir ro r  c a b le s .  T h is  co u ld  happen o n ly  i f  the  
b a llo o n  had a n e t  l i f t  o f 39 pounds o f fo rc e  o r  l e s s .
I n i t i a l  s t a b i l i t y  t e s t s  w ere conducted  on th e  b a l lo o n /m ir ro r  system  
a t  11:00 A.M. Winds w ere l i g h t  w ith  some g u s ts  b u t n o t enough to  be 
reco rd ed  by th e  wind speed in d ic a to r .  Wind d i r e c t i o n  was betw een  w est 
and so u th w es t. The l a s e r  mounted v e r t i c a l l y  was shown on th e  m ir ro r  
t a r g e t  and th e  r e s u l t in g  sp o t was viewed w ith  b in o c u la r s .  A maximum 
movement o f th e  t a r g e t  o f 1 /2  inch  was n o te d . There seemed to  be no 
o s c i l l a t i o n s  o f  th e  sp o t on th e  t a r g e t .  The 1 /2  inch  movement was a 
g rad u a l f lo a t in g  m o tio n . Viewing was f o r  a p p ro x im a te ly  30 m in u te s .
The la s e r  was th e n  shown on th e  m ir ro r  and th e  l a s e r  beam r e f l e c t e d  
back to  a  t a r g e t  on th e  g round . The beam h i t  th e  ground a t  a  p o in t
FIGURE B -2 . Photograph o f  B alloon  Being Launched
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FIGURE B -2. P hotograph o f  B alloon  B eing Launched
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along  th e  l in e  o f th e  le a d in g  c a b le  14 f e e t  from th e  l a s e r  lo c a t io n
d i r e c t l y  under th e  b a l lo o n . The movement o f  th e  l a s e r  sp o t on th e  ground
was g r e a te r  th an  th e  two fo o t  by  two fo o t  t a r g e t  u sed . The maximum
movements o f  th e  sp o t were in  th e  d i r e c t i o n  o f  th e  le a d  c a b le s  and w ere
e s tim a te d  a t  -  3 f e e t .  T h e re fo re , th e  a n g u la r  v a r ia t io n s  in  t h i s
od i r e c t io n  were a p p ro x im a te ly  - 1 .7  , In  th e  p e rp e n d ic u la r  d i r e c t io n
+th e  movements were much le s s  and were l e s s  th a n  - 1 f o o t .  These 
v a r i a t io n s  w ere th e r e f o r e  -  0 .6 ° .  S im ila r  t e s t s  conducted  d u rin g  th e
a f te rn o o n  showed th e  same type o f  r e s u l t s .
At 6 :3 0  P.M. i t  was d ecided  to  move th e  le ad in g  m ir ro r  so t h a t  
a l l  th e  a n g le s  o f th e  m ir ro r  c a b le s  would be eq u a l and th u s  t r y  to  
red u ce  th e  a n g u la r  v a r i a t i o n s .  However, a t  t h i s  tim e , th e  winds had 
in c re a se d  to  an  av erag e  o f 3-5 m ile s  p e r hour w ith  g u s ts  o f  up to  10 
m ile s  p e r  h o u r. The wind d i r e c t i o n  had a l s o  changed to  a  more
s o u th e r ly  d i r e c t i o n  which meant i t  was b low ing d i r e c t l y  betw een two c a b le s .
T h is  tended  to  s la c k e n  th e  c a b le  d i r e c t l y  o p p o s ite  th e  wind d i r e c t i o n .
When th e  l a s e r  was tu rn e d  on th e  t a r g e t ,  th e  sp o t was s t a t io n a r y  f o r  a 
w h ile  th e n  th e  m ir ro r  jumped w ild ly  when a wind g u s t h i t  th e  b a l lo o n .
The t a r g e t  came back  to  i t s  o r ig i n a l  p o s i t io n  b u t co n tin u ed  to  swerve 
w ild ly  whenever the  b a llo o n  was h i t  by wind g u s ts  above 10 MPH. F u r th e r  
t e s t in g  th e r e f o r e  was d is c o n t in u e d .
I t  was no ted  a t  t h i s  tim e th a t  th e  b a l lo o n  was lo s in g  helium  and 
was somewhat lim p . A lso  the  b a l lo n  was n o t n o sin g  in to  th e  wind a s  i t  
had done p re v io u s ly . In s te a d  th e  b a l lo n  would bend n e a r  th e  t a i l  
s e c t io n  a s  th e  s t a b i l i z e r s  a ttem p ted  to  make the  b a l lo n  respond  to  th e  
w in d s. T h is  c o n d it io n  caused th e  aerodynam ic c h a r a c t e r i s t i c s  o f th e  
system  to  f a i l  and th u s  produced h igh  s id e  fo rc e s  a t  th e  apex o f  th e
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sy s te m . In  tu r n  t h i s  cau sed  th e  c a b le  o p p o s i te  th e  wind to  become 
c o m p le te ly  s la c k  a t  t im e s ,  and t h e r e f o r e  th e  m ir r o r  was no lo n g e r  h e ld  
in  a  s t a b l e  p o s i t i o n .  However, a s  lo n g  a s  t h e r e  was te n s io n  in  a l l  th e  
c a b le s  th e  m i r r o r  rem ained  s t a b l e  w ith  l i t t l e  m ovem ent.
The b a l lo o n  was a llo w ed  t o  s t a y  up th ro u g h  th e  n ig h t  u n d e r th e  
c o n d i t io n s  g iv e n .  The n e x t  m orn ing  th e  b a l lo o n  was low ered  and an  
a t te m p t  was made to  r e f i l l  th e  b a l lo o n .  However, th e  b a l lo o n  had l o s t  
1 /4  t o  1 /3  o f  i t s  o r i g i n a l  su p p ly  o f  g as  and  n o t  enough h e liu m  was 
a v a i l a b l e  to  c o m p le te ly  f i l l  i t  up a g a in .  T h e re fo re ,  th e  m ir r o r  sy stem  
was rem oved and th e  b a l lo o n  was s e n t  up a g a in .  Ho o b s e r v a t io n s  w ere  made 
o f  th e  b a l lo o n  be tw een  9 :3 0  A.M. and 1 :3 0  P.M . a t  w hich tim e  th e  
b a l lo o n  was found on th e  g round  w ith  v e ry  l i t t l e  h e liu m  re m a in in g  in  i t .
No g a sh e s  o r  h o le s  w ere found in  th e  b a l lo o n  s k in ,  t h e r e f o r e ,  i t  i s  
th o u g h t t h a t  th e  v a lv e  u sed  f o r  f i l l i n g  th e  b a l lo o n  m ust have n o t  b een  
c o m p le te ly  s e a le d  when th e  b a l lo o n  was lau n ch e d  th e  second  t im e .
S ubsequen t a n a ly s i s  o f  th e  f o r c e s  e x p e c te d  f o r  th e  b a l lo o n  system  
used  d u r in g  t h i s  t e s t  r e v e a le d  th e  d a ta  g iv e n  in  T ab le  B - l .  Com paring 
t h i s  d a ta  w ith  th e  s id e  f o r c e / v e r t i c a l  t e n s io n  r e q u i r e d  t o  b u c k le  any 
c a b le  f o r  th e  a rra n g em en t u sed  (s e e  F ig u re  B -3 ) i t  was c a l c u l a t e d  t h a t  
a t  w ind sp ee d s  h ig h e r  th a n  n in e  m ile s  p e r  h o u r  from  th e  w e st o r  s o u th ­
w est th e  sy stem  would be u n s t a b l e .  The w o rs t  c o n d i t io n  i s  when th e  w inds 
come from  th e  s o u th w e s t .  T h is  d a ta  com pared e x tre m e ly  w e l l  w ith  th e  
r e s u l t s  o b ta in e d  u n d e r a c t u a l  f l i g h t  c o n d i t i o n s .
F o u r th  B a llo o n  Launch - A p r i l  9 . 1974
On A p r i l  9 ,  1974, a  f o u r th  b a l lo o n  was la u n c h e d . The la u n c h  p ro ­
c e d u re  was s t a r t e d  a t  8 :0 0  A.M. and co m p le ted  by 9 :0 0  A.M. The b a l lo o n  
c a b le  a rra n g em en t was th e  same a s  u sed  in  th e  t h i r d  t e s t  e x c e p t  t h a t
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TABLE B
FORCE TABLE FOR BALLOON
Wind V e lo c ity
B allo o n  S t a t i c  L i f t  @ 80°F
B allo o n  Dynamic L i f t
G ross L i f t
B allo o n  W eight
L i f t  a t  Apex
Drag o r  S ide  F orce
S F /L if t
A ngle of B a llo o n  Cable a t  Apex w ith  
th e  V e r t i c a l
M irro r  System W eight
T o ta l  V e r t i c a l  F orce  in  M irro r  
C ables
T o ta l  Downward P u ll  a t  Apex Due to  
Payload
T o ta l  V e r t ic a l  Component o f  T ension  
in  B alloon  C ables -Tv
SF/T v
1
SYSTEM OF TEST #3
0  f t / s e c  1 0  f t / s e c  2 0  f t / s e c
44 lb 44 lb 44 lb
0 1 .5  lb 6 . 0  lb
44 lb 4 5 .5  lb 5 0 .0  lb
12 .5 lb 12 .5  lb 12.5  lb
31 .5 lb 3 3 .0  lb 37 .5  lb
0 0 .7  lb 2 .3  lb
0 .031 .084
0 ° 1 .7 ° 4 .8 °
6 lb 6  lb 6  lb
9 1 b 9 lb 9 lb
15 lb 15 lb 15 lb
16.5 lb 18 lb 2 2 .5  lb
0 .039 . 1 0
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180°
" »  “tT4 ~  J2 ~  
SIDE FO ICE
60°
30°330°
Cable I Cable 2
Coble 3
FIGURE B-3. SIDE FORCE/Tv REQUIRED FOR BUCKLING ANY CABLE 
FOR THE SYSTEM USED IN THE THIRD TEST
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the  f i r s t  s ta k e  had been moved in  so t h a t  a l l  th e  b a llo o n  c a b le s  made 
an g le s  o f  f o r ty  f iv e  d eg rees  w ith  r e s p e c t  to  th e  g ro u n d . A f te r  
la u n ch in g  th e  b a l lo o n ,  i t  to o k  ov er an hour to  a t t a c h  th e  m ir ro r  and 
m ir ro r  c a b le s ,  to  p o s i t io n  th e  m ir ro r  and a d ju s t  th e  te n s io n  in  th e  
m ir ro r  c a b le s .  The m ir ro r  was p o s i t io n e d  a t  a  h e ig h t  o f  n in e ty  f iv e  
f e e t .  The l a s e r  was th en  s e t  up and t e s t i n g  began a t  11:00  A.M. Only 
two p eo p le  were used  th ro u g h o u t th e  la u n c h , a d ju s t in g  th e  m ir ro r  system  
and th e  t e s t i n g .  The d a ta  ta k e n  d u rin g  th e  t e s t s  i s  g iv e n  in  A ppendix C.
The day was c l e a r ,  w inds w ere v a r ia b le  and somewhat g u s ty .  H inds 
in  th e  m orning were from  th e  n o r th e a s t  b u t by th e  tim e t e s t s  were begun 
had s h i f t e d  to  th e  n o rth w est w here th ey  s ta y e d  w ith  on ly  s l i g h t  v a r i a t i o n  
th ro u g h o u t th e  rem ainder o f  th e  d ay . The av erage  wind speed appeared  
to  be f iv e  m ile s  p e r hour w ith  g u s ts  up to  te n  m ile s  p e r h o u r . In  
g e n e r a l ,  th e  w inds d u rin g  th e  t e s t s  were betw een two and e ig h t  m ile s  p e r  
hours from  th e  n o r th w e s t.
Three t e s t s  were com pleted b e fo re  1 :00  P.M. For th e se  th re e  t e s t s  
a l l  m ir ro r  c a b le s  were a t  s ix ty  d eg rees  and a l l  b a l lo o n  c a b le s  a t  f o r ty  
f iv e  d e g re e s . M irro r  te n s io n s  o f one pound o f  f o r c e ,  two pounds o f fo rc e  
and fo u r  pounds o f fo rc e  in  each m ir ro r  c a b le  were t e s t e d .  T e s tin g  was 
begun a g a in  a t  3 :0 0  P.M. w ith  the  same c a b le  a rrangem ent and w ith  m ir ro r  
cab le  te n s io n s  o f  th re e  pounds o f fo rc e  and two pounds o f  f o r c e .  The 
m ir ro r  c a b le s  were th en  changed to  g iv e  a n g le s  of s ev e n ty  d eg rees  w ith  
r e s p e c t  to  th e  g ro u n d . Three t e s t s  w ith  m ir ro r  c a b le  te n s io n s  o f  one 
pound o f fo r c e ,  two pounds o f fo rc e  and th re e  pounds o f fo rc e  were th en  
made. T e s tin g  was concluded a t  5 :3 0  P.M. At t h i s  tim e the  b a llo o n  
appeared  to  have l o s t  l i t t l e  i f  any helium  and was w orking ex trem ely  w e l l .  
The sk in  was n o t w rin k lin g  in  the  wind and th e  nose was f ly in g  up in to
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th e  wind a p p a re n tly  w ith  a s ix  deg ree  a n g le  o f  a t t a c k  a s  d e s ig n e d . A 
l a t e r  check a t  9 :00  P.M. a l s o  showed th a t  th e  b a l lo o n  was s t i l l  o p e ra tin g  
s a t i s f a c t o r i l y .
I t  was n o ted  d u rin g  th e se  t e s t s  th a t  th e  shape o f  th e  l a s e r  beam 
a f t e r  b e in g  r e f l e c t e d  from th e  m ir ro r  f r e q u e n t ly  changed. One p o s s i ­
b i l i t y  was th a t  t h i s  was caused  by c u rv a tu re  changes in  th e  m ir ro r  s u r ­
face  due to  changing  p re s s u re  on th e  m ir ro r  fa c e  caused by wind f o r c e s .
I t  was th e re fo re  concluded th a t  th e  type  o f m ir ro r  b e in g  used fo r  th e se  
t e s t s  should  be te s te d  in  th e  la b o ra to ry  b e fo re  r e f le c ta n c e  re a d in g s  
u s in g  a b a llo o n  system  and t h i s  type o f m ir r o r .
The n ex t day was a ls o  c le a r  b u t th e  wind speed had in c re a se d  to  
te n  to  tw elve m ile s  p e r hour w ith  g u s ts  up to  tw en ty  m ile s  per h o u r .
The wind was from th e  s o u th e a s t  w ith  v a r i a t io n s  in  th e  d i r e c t i o n  o f
"I* Q
- 30 , Due to  th e  h ig h  w in d s , th e  system  had become u n s ta b le ;  t h a t  I s ,  
one o f the  b a l lo o n  c a b le s  would f r e q u e n t ly  became s la c k .  T h is in  tu rn  
caused th e  m ir ro r  system  to  become ta n g le d  due to  th e  f re q u e n t j e r k s  
ex p erien ced  a s  a  c ab le  would go s la c k  in  a  h ig h  wind g u s t and th en  b e ­
come t i g h t  a s  th e  b a llo o n  s t r a ig h te n e d  u p . I t  was a l s o  v e ry  n o t ic e a b le  
t h a t  the  b a llo o n  had l o s t  h e liu m . The nose was bowed in  due to  th e  w inds 
and th e  b a l lo n  was b e n t n e a r  th e  t a l l  where th e  s t a b i l i z e r s  were a c t in g  
to  tu rn  the  b a l lo o n  in to  th e  w in d .
At 9 :30  A.M. th e  b a llo o n  was lowered u s in g  th e  s a f e ty  l i n e .  The 
system  was th en  t i e d  o f f  c lo se  to  th e  ground and th e  b a l lo o n  r e f i l l e d .  
A pproxim ately  tw o - f i f th s  o f  a b o t t l e  o f helium  (95 cub ic  f e e t )  were 
re q u ire d  to  f i l l  the  b a llo o n  a t  t h i s  tim e . The m ir ro r  system  was th en  
c u t f r e e  from th e  b a llo o n . A ll  o f the  m ir ro r  c a b lin g  had to  be c u t in
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o rd e r  to  u n ta n g le  th e  sy stem . The c a b le s  were th e n  r o l l e d  up and th e  
m ir ro r  u n tan g led  from the  w ire s  wrapped around i t .
At 11:00  A.M. i t  was decided  to  re b u i ld  th e  m ir ro r  system  and th en  
to  t r y  to  re la u n ch  the  b a llo o n  to  an a l t i t u d e  o f s ix ty  f e e t .  T his 
would g ive  th e  b a llo o n  c a b le s  an  a n g le  o f t h i r t y  d e g re e s . I t  was hoped 
th a t  th e  system  could  be s t a b i l i z e d  in  t h i s  c o n f ig u r a t io n .  T h e re fo re  
a t  11:15 th e  b a llo o n  was a g a in  r e f i l l e d  and th e  m ir ro r  system  was tak en  
to  th e  la b o ra to ry  fo r  r e p a i r s .  In  th e  r e f i l l i n g  p ro cess  40 cu b ic  f e e t  
o f he lium  was u se d .
At 1 :00  P.M. th e  m ir ro r  system  was re tu rn e d  to  the  f i e l d .  The 
b a llo o n  was a g a in  showing s ig n s  o f d e f l a t in g  and was r e f i l l e d  w ith  1 0 0  
c u b ic  f e e t  o f  he lium  in d ic a t in g  th a t  th e  leak ag e  r a t e  o f  th e  b a llo o n  
was in c re a s in g .  However, i t  was d ec id ed  to  t r y  and launch  th e  b a llo o n  
a g a in .
The m ir ro r  system  was re a t ta c h e d  and th e  b a l lo o n  launched  a t  1 :30  
P.M. to  an a l t i t u d e  o f s ix ty  f e e t  f o r  th e  ap ex . The m ir ro r  was mounted 
te n  f e e t  below th e  ap ex . However, w h ile  a t ta c h in g  th e  m ir ro r  c a b le s  
to  s ta k e s ,  the  b a l lo o n  became u n s ta b le  and a g a in  ta n g le d  th e  m ir ro r  
sy stem . By t h i s  tim e the  w inds had in c re a se d  to  a  speed o f  f i f t e e n
m ile s  p e r hour w ith  g u s ts  above tw enty  m ile s  p e r h o u r . A lso , a f t e r
la u n c h in g , th e  b a llo o n  q u ic k ly  showed s ig n s  o f  d e f l a t i n g .  The t a l l  
s e c t io n  was bending  in  th e  winds and th e  nose was w r in k lin g  and was 
b lu n te d  in  sh ap e . I t  was th e re fo re  d ecided  to  low er th e  b a l lo o n .
The b a llo o n  was low ered a t  2 :3 0  P.M. and a q u ick  d is c o n n e c t a tta c h e d  
to  open the  f i l l  v a lve  a t  th e  n o se . The b a llo o n  was th en  s lo w ly  r o l l e d
up from the  t a i l  s e c t io n .  T his p ro c e ss  took  two and one h a l f  hou rs  to
co m p le te . The s ta k e s  were th en  p u lle d  up and th e  equipm ent removed and
s to r e d .  When th e  b a llo o n  was low ered i t  was no ted  t h a t  a 2 in ch  gash  
had developed n e a r  the  nose o f th e  b a l lo o n . I t  was assumed th a t  t h i s  
accoun ted  fo r  th e  ra p id  d e f l a t i o n  o f th e  b a l lo o n  in  th e  f i n a l  lau n ch  
a t te m p t .
APPENDIX C 
DATA FROM BALLOON/MIRROR STABILITY TESTS
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DATA SHEET
%
T est Number 1_________  Date 3 /3 0 /7 4
G eom etric Data
M irro r  a l t i t u d e  100 f e e t ______
C able  compass re a d in g s  30°________ , 150° « and 270°
A ngle o f b a l lo o n  c a b le s  w ith  ground  30° and 45°
A ngle o f  m ir ro r  c a b le s  w ith  ground   30° and 45°_____
T en sio n  in  m ir r o r  c a b le s  4 lb s  5 lb s  and 5 lb s
L a te r a l  Movement T e s t
Time o f t e s t  11;00 A.M,
D u ra tio n  o f t e s t  30 m in u tes
Maximum movement o f  l a s e r  beam on t a r g e t  1 /2  in ch  
A verage movement o f  l a s e r  beam on t a r g e t  0
A verage wind speed  1 MPH 
V a r ia t io n s  in  wind speed - MPH
A verage wind d i r e c t i o n  WSW
q •flr
V a r ia t io n  in  w ind d i r e c t i o n  ~ 30 (2)
A ngular Movement T e s t
Time o f t e s t  11 :30  A.M*
D u ra tio n  o f t e s t  5 m in u tes
D is ta n c e , t a r g e t  to  l a s e r  14 f e e t_______
A zim uth an g le  o f  l in e  betw een  l a s e r  and t a r g e t  150C
4* *
Maximum movement o f  sp o t in  az im u th  p la n e  - 3 f e e t  (1 )
4* *
A verage movement o f  sp o t in  azim uth  p lan e  -  1 fo o t (1 )
Maximum movement o f  sp o t in  p e rp e n d ic u la r  p lan e  - 3 f e e t  (1 )
A verage movement o f  s p o t in  p e rp e n d ic u la r  p la n e  - 1 fo o t (1 )
(* ) R efers to  number in  comment statem ent
Angular Movement T est (Continued)
t
A verage wind speed 1 MPH__________
■f
V a r ia t io n s  In  wind speed - 1 MPH
Average wind d i r e c t io n  WSW_______
V a r ia t io n s  in  wind d i r e c t i o n  30°_________  (2)
A tm ospheric D ata
B aro m etric  p re s su re  3 0 .0  in  Hg
T em perature  ?? F__________
Comments;
^T arget used was o n ly  2 fo o t by 2 fo o t and th e re fo re  a rough 
guess had to  be made o f th e  beam movement when i t  w ent o f f  
of th e  t a r g e t
2The winds were very l ig h t  but q u ite  v a r ia b le  in d ir e c t io n
DATA SHEET
i
T est Number 2 D ate 3 /30 /7A __________
G eo m etric  D ata
M ir ro r  a l t i t u d e  100 f e e t ______
C ab le  com pass r e a d in g s  30° 150° , and 270°
A ngle  o f  b a l lo o n  c a b le s  w i th  g round   _______30°___  and 4 5 °
A ngle  o f  m i r r o r  c a b le s  w ith  g round  30° and  45°
T e n s io n  in  m i r r o r  c a b le s  4 lb s  , 5 lb s  an d  5 lb s
L a t e r a l  Movement T e s t
Time o f  t e s t  2 :0 0  P.M.
D u ra t io n  o f  t e s t  10 m in u te s
Maximum movement o f  l a s e r  beam on  t a r g e t  1 /2  in c h  (4 )
%
A v erage  movement o f  l a s e r  beam on t a r g e t  0
A v erag e  w ind sp eed  0  (3 )
V a r ia t io n s  i n  w ind sp eed  +  1 MPH
A v erag e  w ind  d i r e c t i o n  W est_______
+  o
V a r ia t io n  in  w ind d i r e c t i o n  -  15 
A n g u la r  Movement T e s t
Time o f  t e s t  3 :3 0  P.M.
D u ra tio n  o f  t e s t  7 m in u te s
D is ta n c e ,  t a r g e t  to  l a s e r  14 f e e t  8  In ch es
A zim uth  a n g le  o f  l i n e  b e tw ee n  l a s e r  and t a r g e t  150°
Maximum movement o f  s p o t  in  a z im u th  p la n e  - 3 f e e t  (2 )
A v erag e  movement o f  s p o t  in  a z im u th  p la n e  - 1 f o o t
Maximum movement o f  s p o t  in  p e r p e n d ic u la r  p la n e  *  3 f e e t
A v erag e  movement o f  s p o t  in  p e r p e n d ic u la r  p la n e  *  1 f o o t
(* )  R e fer s  to  number in  comment sta tem en t
Angular Movement T est (Continued)
b
i tA verage wind speed 0 MPH_________  (3 )
V a r ia t io n s  in  wind speed 2 MPH
A verage wind d i r e c t i o n  WSW________
V a r ia t io n s  in  wind d i r e c t i o n  ~~ 15°_______
A tm ospheric  D ata
B aro m etric  p re s s u re  30 .3  In  Hg
T em peratu re  ______ 80°
Comments:
*Lead b a llo o n  c a b le  was v e ry  s la c k ;  a l l  b a llo o n  c a b le s  were 
more s la c k  th an  m ir ro r  c a b le s
2T a rg e t used was 2 f e e t  by 2 f e e t  and th e r e f o r e  a rough g uess
*
had to  be made o f th e  beam movement when i t  went o f f  o f  the  
t a r g e t
3
Winds were l i g h t  and v a r ia b le ;  wind speed was so low t h a t  i t  
cou ld  n o t be picked up by anemometer 
^G radual movement from  I n i t i a l  s p o t ;  no o s c i l l a t i o n s  seen
DATA SHEET
T est Number 3_________  Date 3 /3 0 /7 4
G eom etric  D ata
M irro r a l t i t u d e  100 f e e t _________
Cable compass re a d in g s  30° , 150°______ , and 270
Angle o f  b a l lo o n  c a b le s  w ith  ground 30°_______  and 45
A ngle o f  m ir ro r  c a b le s  w ith  ground _____ 30° and 45°
T en sio n  in  m ir ro r  c a b le s  4 lb s_____ , 5 lb s  and 5 lb s
*
L a te r a l  Movement T e s t (3 )
Time o f t e s t  6 :5 0  P.M.
D u ra tio n  o f  t e s t  10 m inu tes
Maximum movement o f  l a s e r  beam on t a r g e t  - 1 fo o t
+ _
A verage movement o f  l a s e r  beam on t a r g e t  - 1 fo o t
A verage wind speed  3 MPH
+ 5 MPH *
V a r ia t io n s  in  wind speed - 3 MPH (2 )
A verage wind d i r e c t i o n  ssw________
+ nV a r ia t io n  in  wind d i r e c t i o n  - 1 s 
A n g u la r Movement T e s t
Time o f  t e s t  ______________
D u ra tio n  o f  t e s t  _ _ _ _ _ _ _ _ _
D is ta n c e , t a r g e t  t o  l a s e r  _ _ _ _ _ _ _ _ _ _
Azim uth a n g le  o f  l i n e  betw een  l a s e r  and t a r g e t  ___
Maximum movement o f  sp o t in  azim uth  p lan e  _ _ _ _ _
A verage movement o f  s p o t in  azim uth  p lan e  ________
Maximum movement o f s p o t in  p e rp e n d ic u la r  p lan e  __
A verage movement o f  s p o t In  p e rp e n d ic u la r  p la n e  _
(* )  R efers to  number in  comment statem ent
Angular Movement T est (C ontinued)
t
A verage wind speed
V a r ia t io n s  in  wind speed ________________
A verage wind d i r e c t i o n  _ _ ____________
V a r ia t io n s  in  wind d i r e c t i o n  
A tm ospheric  D ata
B aro m etric  p re s s u re  30 .0 8  in  Hg
_ ,o
T em peratu re  /o_____________
Comments:
^System was co m p le te ly  u n s ta b le ;  b a llo o n  had gone down and was 
somewhat lim p ; a ls o  wind g u s ts  would make c a b le  to  th e  n o r th  
e a s t  go co m p le te ly  s la c k  moving th e  m ir ro r  w i ld ly .
2
Winds came in  g u s ts
3
B allo o n  would n o t tu rn  nose in to  th e  w ind; alw ays seemed to  be 
g e t t in g  s id e  fo rc e s  w hich p u lle d  one c ab le  t i g h t  and th e  o th e r  
two c a b le s  s la c k .
DATA SHEET
T est Number 4 D ate 4 /9 /74
G eom etric  D ata
M irro r  a l t i t u d e  95 f e e t
C able  compass re a d in g s  30° 150° . and 270°
/  c °A ngle o f  b a l lo o n  c a b le s  w ith  ground 45
A ngle o f m ir ro r  c a b le s  w ith  ground 60°
T en s io n  in  m ir ro r  c a b le s  1 lb  I  lb  and 1 lb
L a te r a l  Movement T e s t
Time o f  t e s t  11:00 A.M.
D u ra tio n  o f  t e s t  15 m inu tes
+  .*  
Maximum movement o f  l a s e r  beam on t a r g e t  - 1 Inch (1 )
. A verage movement o f  l a s e r  beam on t a r g e t  * 1 / 2  inch
A verage wind speed  5 MPH
■f
V a r ia t io n s  in  w ind speed - 5 MPH 
A verage w ind d i r e c t i o n
o
V a r ia t io n  in  wind d i r e c t i o n  - 45
A n g u la r Movement T e s t
Time o f  t e s t  11:15 A.M.
D u ra tio n  o f  t e s t  15 m inu tes
D is ta n c e ,  t a r g e t  to  l a s e r  3 f e e t  6  in ch es
A zim uth a n g le  o f  l in e  betw een  l a s e r  and t a r g e t  150
+
Maximum movement o f  s p o t in  az im u th  p la n e  ~ 3 f e e t
A verage movement o f  s p o t in  a z im u th  p la n e  ~ 6  inches
Maximum movement o f  s p o t in  p e rp e n d ic u la r  p lan e  - 2 f e e t
A verage movement o f  s p o t in  p e rp e n d ic u la r  p lan e  - 6  in c h e s
(* )  R efers to  number In comment sta tem ent
A ngu lar Movement T e s t  (C ontinued)
k
A verage w ind sp eed  5 MPH__________
+■
V a r ia t io n s  i n  w ind speed -  5 MPH_______
A verage  w ind d i r e c t i o n  NNE_______
^  O ilr
V a r ia t io n s  i n  w ind d i r e c t i o n  - 60 (2 )
A tm o sp h eric  D ata
B a ro m e tr ic  p r e s s u r e  3 0 .6 1  in  Hg
,  o
T em p e ra tu re  60 F___________
Comments i
^"Exception t o  t h i s  was one tim e  when s id e  wind h i t  b a l lo o n  and 
made one c a b le  go lo o s e .  M ir ro r  moved -  1 f o o t  a t  t h a t  tim e 
b u t  q u ic k ly  came back  to  r e s t  a t  o r i g i n a l  lo c a t io n *
2Wind d ir e c t io n s  very ch an geab le  in  g u s ts
DATA SHEET
T e s t  Number 5 D a te  4 /9 /7 4
G eo m etric  D a ta
M ir ro r  a l t i t u d e  95 f e e t
C ab le  com pass r e a d in g s  30° » 150° and 270°
f  g O
A n g le  o f  b a l lo o n  c a b le s  w i th  g ro u n d  ^5
A ng le  o f  m i r r o r  c a b le s  w i th  g ro u n d 60°
T e n s io n  in  m i r r o r  c a b le s  ^  ^  . a n d  ^
L a t e r a l  Movement T e s t
Time o f  t e s t  1 1 ;4 0  A.M.
D u r a t io n  o f  t e s t  5 m in u te s
Maximum movement o f  l a s e r  beam  on t a r g e t  - 2 in c h e s  (1 )
A v e rag e  movement o f  l a s e r  beam  on t a r g e t  - 1 /2  in c h e s  
A v e rag e  w ind sp ee d  5 MPH 
V a r i a t i o n s  i n  w ind sp ee d  -  5 MPH
A v erag e  w ind d i r e c t i o n NW
V a r i a t i o n  in  w ind  d i r e c t i o n  *  30°
A n g u la r  M ovement T e s t
Time o f  t e s t  1 1 :5 0  A.M.
D u ra t io n  o f  t e s t  5 m in u te s  
D is ta n c e ,  t a r g e t  t o  l a s e r  5 f e e t
A zim uth  a n g le  o f  l i n e  b e tw e e n  l a s e r  and t a r g e t  150°
*
Maximum movement o f  s p o t  in  a z im u th  p la n e  _ _ _ _ _ _ _ _ _ _ _ _
+A v erag e  movement o f  s p o t  in  a z im u th  p la n e  -  2 f e e t
Maximum movement o f  s p o t  in  p e r p e n d ic u la r  p la n e  ' (2 )
+
A v erag e  movement o f  s p o t  in  p e r p e n d ic u la r  p la n e  -  2 f e e t
(* )  R e f e r s  t o  num ber In  com nent s ta te m e n t
Angular Movement T est (C ontinued)
A verage wind speed 3 MPH________
+ 5 MPH
V a r ia t io n s  in  wind speed - 3 MPH_______
A verage wind d i r e c t i o n  NW_________
V a r ia t io n s  in  wind d i r e c t i o n  - 100 (3 )
A tm ospheric  D ata
B aro m etric  p re s s u re  _____ 30.61  in  Hg
T em pera tu re  60_____________
Comments:
^"However, d u rin g  a n g u la r  movement t e s t ,  th e  l a s e r  beam went o f f  
o f  th e  m ir ro r  a t  one tim e d u rin g  a wind g u s t
2
The movement o f  th e  beam was to o  g r e a t  to  be  de term ined
3
The winds were very gu sty  and v a r ia b le  in  d ir e c t io n
DATA SHEET
Teat Number  6___________  Date 4 /9 /7 4
G eom etric  D ata
M irro r  a l t i t u d e  95 f e e t
C ab le  com pass r e a d in g s  30° 150° . and 270°
A ngle o f  b a l lo o n  c a b le s  w ith  ground 45°
A ngle o f  m ir r o r  c a b le s  w ith  ground  60°
T e n s io n  in  m ir r o r  c a b le s  2 lb s  2 lb s  and 2 lb s
L a te r a l  Movement T e s t
Time o f t e s t  12:05 P.M.
D u ra tio n  o f  t e s t  10 m inu tes
Maximum movement o f  l o s e r  beam on t a r g e t  - 1 /2  inch
A verage  movement o f  l a s e r  beam on t a r g e t  - 1 /2  Inch
A verage  w ind speed  5 MPH
+ 3 MPH
V a r ia t io n s  in  wind speed  - 5 MPH 
A verage wind d i r e c t i o n  n w
+  q it
V a r ia t io n  in  w ind d i r e c t i o n  ~ 30 (1 )
A n g u la r Movement T e s t
Time o f  t e s t  12:15 P.M.
D u ra tio n  o f  t e s t  15 m inu tes
D is ta n c e , t a r g e t  to  l a s e r  6  f e e t
A zim uth a n g le  o f  l i n e  be tw een  l a s e r  and t a r g e t  150C
+ ** 
Maximum movement o f  s p o t  in  az im u th  p la n e  - 2 f e e t  (2 )
+  v *
A verage movement o f  s p o t in  az im u th  p lan e  - 1 fo o t  (2 )
+  &
Maximum movement o f  s p o t  in  p e rp e n d ic u la r  p lan e 2  f e e t  (2 )
+  . *
A verage movement o f  s p o t  in  p e rp e n d ic u la r  p la n e  -  1 fo o t  (2 )
(* ) R efers  to  number in  cosment statem en t
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Angular Movement T est (Continued)
A verage wind speed 5 MPH
+ 3 MPH
V a r ia t io n s  in  wind speed - 5 MPH 
A verage wind d i r e c t i o n  NW_______
“fr* 0
V a r ia t io n s  in  wind d i r e c t i o n  - 30
A tm ospheric  D ata
B aro m etric  p re s s u re  30 .54  in  Hg
T em pera tu re  ______ 62
Comments:
^ f in d s  v e ry  c o n s ta n t from NW a t  5 MPH 
2
Spot v e ry  s te a d y ; s tay e d  e n t i r e l y  on t a r g e t  3^ f e e t  by 4% f e e t
SATA SHEET
T est Number 7 Date 4 /9 /7 4
G eom etric  D ata
M ir ro r  a l t i t u d e  95 f e e t
G able com pass r e a d in g s  30° 130 . and 2 ?°
A ngle o f  b a l lo o n  c a b le s  w ith  ground  45°
o
A ngle  o f  m ir r o r  c a b le s  w ith  g round  60
T e n s io n  in  m ir r o r  c a b le s  3 lb s  3 lb s  and
€
L a t e r a l  Movement T e s t
Time o f  t e s t  3 :0 0  P.M.
D u ra tio n  o f  t e s t  10 m in u tes
Maximum movement o f  l a s e r  beam on t a r g e t  - 1 /2  Inch
A v erag e  movement o f  l a s e r  beam on t a r g e t  0
A v erag e  w ind speed  2 MPH
+ 5 MPH
V a r ia t io n s  in  w ind sp eed  - 2 MPH 
A verage  w ind d i r e c t i o n  NNW
+V a r ia t io n  in  w ind d i r e c t i o n  " ~*u
A n g u la r Movement T e s t
Time o f  t e s t  3 :1 0  P.M.
D u ra tio n  o f  t e s t  15 m in u tes
D is ta n c e ,  t a r g e t  t o  l a s e r  6  f e e t  6  in ch es
A zim uth a n g le  o f  l i n e  b e tw een  l a s e r  and  t a r g e t  1 /°
Maximum movement o f  s p o t  in  az im u th  p la n e  -  3 f e e t
+
A verage  movement o f  s p o t  in  az im u th  p la n e  - 10 Inches
+
Maximum movement o f  s p o t  in  p e r p e n d ic u la r  p la n e  -  3 f e e t  
A verage  movement o f  s p o t  i n  p e r p e n d ic u la r  p la n e  -  10 in ch es  
(*} R e f e r s  t o  num ber in  comment s ta te m e n t
Angular Movement T est (Continued)
A verage wind speed 3 MPH
+ 4 MPH
V a r ia t io n s  In  wind speed - 3 MPH 
A verage wind d i r e c t i o n  NNW 
V a r ia t io n s  in  wind d i r e c t io n  *  3 0 °  
A tm ospheric  D ata
B aro m etric  p re s s u re  30.58 in  Hg 
T em pera tu re  6 8 °F 
Com nents;
*0 n ly  a g ra d u a l s h i f t ,  no o s c i l l a t i o n s
DATA SHEET
T e s t Number 8  D a te  4 /9 /7 4
G eom etric  D ata
M ir ro r  a l t i t u d e  95 f e e t
G able com pass r e a d in g s  30° 150° . and  270°
A ngle  o f  b a l lo o n  c a b le s  w ith  g round  45°
A ngle  o f  m ir r o r  c a b le s  w ith  g round  60°
T e n s io n  in  m ir r o r  c a b le s  2  lb s  2 lt> 8  . and  2
, «
L a te r a l  Movement T e s t
Time o f  t e s t  '
D u ra t io n  o f  t e s t  ■
Maximum movement o f  l a s e r  beam on t a r g e t  _ _ _ _
. A v erage  movement o f  l a s e r  beam on t a r g e t
A v erage  w ind speed  _ _ _ _ _ _ _ _ _
V a r ia t io n s  in  w ind sp eed  _ _ _ _ _ _ _ _
A verage  w ind d i r e c t i o n
V a r ia t io n  in  wind d i r e c t i o n
A n g u la r Movement T e s t
Time o f  t e s t  3 :30  P.M.
D u ra t io n  o f  t e s t  15 m inu tes
D is ta n c e ,  t a r g e t  to  l a s e r  8  f e e t  6  Inches
A zim uth a n g le  o f  l i n e  b e tw een  l a s e r  and t a r g e t  175°
Maximum movement o f  s p o t  in  a z im u th  p la n e  * 2 . 5  f e e t
A verage  movement o f  s p o t  in  az im u th  p la n e  *  10 in ch es
+
Maximum movement o f  a p o t  in  p e rp e n d ic u la r  p la n e  - 2 .5  f e e t
V -
A verage  movement o f  s p o t  in  p e r p e n d ic u la r  p la n e  - 10 in c h es  
(* )  R e fe r s  t o  number in  comment s ta te m e n t
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Angular Movement Teat (C ontinued)
%
A verage wind speed 3 MPH________
+ 7 MFH
V a r ia t io n s  in  wind speed  - 3 MPH______
A verage wind d i r e c t i o n  NNW_______
V a r ia t io n s  in  wind d i r e c t i o n  *  30°
A tm ospheric  D ata
B aro m etric  p re s s u re  30 .58  in  Hg 
T em peratu re  6 8 °F 
Commentsi
Hfind c o n d it io n s  and beam movement on m ir ro r  looked th e  same a s  
f o r  t e s t  number 7
DATA SHEET
Test Number 9 Date
G eom etric  D ata
M ir ro r  a l t i t u d e  qs
C ab le  com pass r e a d in g s  30° 150° and 270°
A ngle o f  b a l lo o n  c a b le s  w i th  ground 45°
A ngle  o f  m ir r o r  c a b le s  w i th  g round  7 0
T e n s io n  In  m i r r o r  c a b le s  i ih  i ih  and  i ih
•  *
L a te r a l  Movement T e s t
Time o f  t e s t  4 :1 0  P.M.
D u ra tio n  o f  t e s t  10 m inu tes
Maximum movement o f  l a s e r  beam  on t a r g e t  -  3 1 /2  f e e t
■|*
. A v erag e  movement o f  l a s e r  beam  on t a r g e t  * 1 .1 /2  f e e t  
A v erage  w ind sp eed  7 MPH 
V a r ia t io n s  in  w ind speed  -  5 MPH 
A verage  wind d i r e c t i o n  NNW
+ o
V a r ia t io n  in  w ind d i r e c t i o n  ~ 30 
A n g u la r  Movement T e s t
Time o f  t e s t  4 :2 0  P.M.
D u ra tio n  o f  t e s t  15 m inu tes
D is ta n c e ,  t a r g e t  t o  l a s e r  11 f e e t  4 in c h e s
A zim uth  a n g le  o f  l i n e  b e tw een  l a s e r  and t a r g e t  220°
+ *
Maximum movement o f  s p o t  in  a z im u th  p la n e  - 3 .0  f e e t  (1 )
A verage  movement o f  s p o t  in  a z im u th  p la n e  10 in ch es  (1 )
Maximum movement o f  s p o t  in  p e r p e n d ic u la r  p la n e  -  2 f e e t  (1 )s’-
A v erage  movement o f  s p o t  i n  p e r p e n d ic u la r  p la n e  ~ 8  in c h es  (1 )
(*) Refers to number in comment statement
Angular Movement T est (Continued)
A verage wind speed 5 MPH _____
+ 5 MPH
V a r ia t io n s  in  wind speed - 3 MPH______
A verage wind d i r e c t i o n  NNW
+ _noV a r ia t io n s  in  wind d i r e c t i o n  -  30 
A tm ospheric  D ata
B aro m etric  p re s s u re  30 .52  in  Hg 
T em pera tu re  ftg°p 
Com nents:
^Maximum a n g u la r  movement n o ted  in  l i g h t  v a r ia b le  d i r e c t i o n  
b re e z e s
DATA SHEET
T e s t  Number 10 D ate  4 /9 /7 4
G eom etric  D ata
M ir ro r  a l t i t u d e  95 f e e t
G able  com pass r e a d in g s  30° 150° and 270°
A ngle o f  b a l lo o n  c a b le s  w ith  g round  45°
o
A ngle  o f  m i r r o r  c a b le s  w ith  g round  7u 
T e n s io n  In  m ir r o r  c a b le s  2 lb s  2 lb s  . d 2 lb s
* t
L a te r a l  Movement T e s t
Time o f  t e s t  4 :4 0  P.M.
D u ra tio n  o f  t e s t  10 m in u tes
■fr*
Maximum movement o f  l a s e r  beam on t a r g e t  - 1 /2  inch  (1)
. A verage  movement o f  l a s e r  beam on t a r g e t  °
A v erage  w ind sp eed  4- MPH
+ 3 MPH
V a r ia t io n s  i n  w ind sp eed  -  2 MPH
NW
*
A verage  w ind d i r e c t i o n
+ on°V a r ia t io n  in  w ind d i r e c t i o n  ~
A n g u la r Movement T e s t
Time o f  t e s t  4 :5 0  P.M.
D u ra tio n  o f  t e s t  15 m inu tes
D is ta n c e ,  t a r g e t  t o  l a s e r  7 f e e t  6 inches
A zim uth a n g le  o f  l i n e  b e tw een  l a s e r  and  t a r g e t  210°
Maximum movement o f  s p o t  in  a z im u th  p la n e  - 2 f e e t  (2)
+ «* 
A verage  movement o f  s p o t  in  az im u th  p la n e  ~ 8 in ch es  (2 )
+ *
Maximum movement o f  s p o t  in  p e r p e n d ic u la r  p la n e  - 1 1 /2  f e e t  (2)
+  . *
A verage movement o f  s p o t  i n  p e rp e n d ic u la r  p la n a  ~ 0 in ch es  (2 )
(*) Refers to number in comment statement
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Angular Movement T est (C ontinued)
A verage wind speed 3 MPH
+  4 MPH
V a r ia t io n s  in  wind speed  - 2 MPH
A verage wind d i r e c t io n  ____ NW_______
V a r ia t io n s  in  wind d i r e c t i o n  *  30°
A tm ospheric  D ata
B arom etric  p re s s u re  30 .52  in  Hg 
T em peratu re  _____ 66
Comments:
^Moved l i n e a r l y  1 inch  from i n i t i a l  sp o t 
2
Beam lo c a t io n  v e ry  s t a b l e ;  moved abou t 1 fo o t to  1 1 /2  f e e t  
in  s tro n g  g u s ts
DATA, SHEET
Test Number 11 Date 4/9/74
G eom etric D ata
M irro r  a l t i t u d e  95 f e e t
C able com pass r e a d in g s  ^0 *50 t end 270
. ,-0
A ngle o f  b a l lo o n  c a b le s  w ith  ground  ^
A ngle o f  m ir r o r  c a b le s  w ith  ground 70°
T e n s io n  in  m ir r o r  c a b le s  3 lb s  3 lb s  and  3 lb s
. t *
L a te r a l  Movement T e s t
Time o f  t e s t  5 :00  P.M.
D u ra tio n  o f  t e s t  2 m in u tes
+Maximum movement o f  l a s e r  beam on t a r g e t  - 1 /2  Inch
. A verage  movement o f  l a s e r  beam on t a r g e t  0
A verage  w ind speed  4 MPH
V a r ia t io n s  i n  w ind sp eed  2 MPH
NWA verage w ind d i r e c t i o n  ___
V a r ia t io n  in  w ind d i r e c t i o n  ~
A ngular Movement T e s t
Time o f  t e s t  5 :05  P.M.
D u ra tio n  o f  t e s t  10 m inu tes
D is ta n c e , t a r g e t  t o  l a s e r  5 f e e t  2 In ch es
A zim uth a n g le  o f  l i n e  b e tw een  l a s e r  and  t a r g e t  225*
Maximum movement o f  s p o t  in  az im u th  p la n e  -  3 f e e t
A verage movement o f  s p o t  in  az im u th  p la n e  - 10 In ch es
Maximum movement o f  s p o t  In  p e r p e n d ic u la r  p la n e  -  1 1 /2  f e e t
4*' ^
A verage movement o f  s p o t  in  p e r p e n d ic u la r  p la n e  ~ ** in ch es  
(* )  R e fe rs  t o  number In  comment s ta te m e n t
Angular Movement T est (C ontinued)
A verage wind speed 4 MPH________
V a r ia t io n s  in  wind speed  - 2 MPH 
A verage wind d i r e c t i o n  NW
+ -,n
V a r ia t io n s  in  wind d i r e c t i o n  ~ JU 
A tm ospheric  D ata
B aro m etric  p re s s u re  i n , s i  in Hy 
T em pera tu re  66°
Comments:
APPENDIX D
STANDARD SURFACE REFLECTANCE AND DIFFUSENESS
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A s u r f a c e  composed o f  N e x te l  V e lv e t C o a tin g  101-A10 w h ite  p a i n t  
m a n u fa c tu red  by th e  3M Company was u sed  a s  a  s ta n d a rd  th ro u g h o u t th e  
e x p e r im e n ts .  U sin g  t h i s  s ta n d a rd  th e  r e l a t i v e  b i d i r e c t i o n a l  r e f l e c ­
ta n c e s  o f  v a r io u s  t e s t  s u r f a c e s  w ere  o b ta in e d  by co m paring  th e  r e a d in g s  
ta k e n  w ith  th e  s p e c t r o r a d io m e te r  from  a t e s t  s u r f a c e  Co th e  r e a d in g s  
ta k e n  from  th e  s ta n d a rd  s u r f a c e .  S in c e  a  s u r f a c e  composed o f  101-A10 
w h ite  p a in t  i s  n o t  p e r f e c t l y  r e f l e c t i n g  o r  p e r f e c t l y  d i f f u s e ,  t r u e  
v a lu e s  o f  th e  b i d i r e c t i o n a l  r e f l e c t a n c e s  o f  th e  t e s t  s u r f a c e  w ere n o t  
o b ta in e d .  H ow ever, th e  t r u e  v a lu e s  o f  b i d i r e c t i o n a l  r e f l e c t a n c e  can  
be o b ta in e d  i f  th e  r e f l e c t a n c e  and d i f f u s e n e s s  o f  th e  s ta n d a rd  s u r f a c e  
i s  known and a r e  u sed  to  c o r r e c t  th e  r e l a t i v e  r e f l e c t a n c e s .  The 
p ro c e d u re  and a n a ly s i s  u sed  to  make th e s e  c o r r e c t io n s  a r e  g iv e n  in  
A ppendix  E.
The t o t a l  h e m is p h e r ic a l  r e f l e c t a n c e  o f  101-A10 w h ite  p a in t  i s  
p r e s e n te d  i n  F ig u re  D - l .  T h is  in fo r m a t io n  was r e c e iv e d  from  th e  
m a n u fa c tu re r  (R e fe re n c e  61) and c o v e rs  th e  s p e c t r a l  ra n g e  in  w hich  
r e a d in g s  w ere  ta k e n .  F ig u r e s  D-2 and D-3 g iv e  th e  m a n u f a c tu r e r 's  d a ta  
on th e  d i f f u s e n e s s  o f  a  s u r f a c e  o f  101-A10 w h ite  p a i n t .  T h is  i n f o r ­
m a tio n  i s  b a sed  on th e  l i g h t  b e in g  r e f l e c t e d  i n  th e  t o t a l  v i s i b l e  
r e g io n  o f  th e  e le c t r o m a g n e t ic  sp e c tru m .
S in c e  th e  e n e rg y  re c o rd e d  w ith  th e  s p e c t ro r a d io m e te r  u sed  in  th e  
e x p e r im e n ts  was i n  n arrow  b an d w id th s  a s  opposed  t o  th e  d a t a  g iv e n  in  
F ig u re s  D-2 and D -3 , l a b o r a to r y  t e s t s  w ere made to  d e te rm in e  th e  
d i f f u s e n e s s  o f  th e  s u r f a c e  a s  o b ta in e d  w ith  th e  s p e c t r o r a d io m e te r .
D a ta  w ere  re c o rd e d  w ith  th e  s o u rc e  and th e  m ir ro r  i n  th e  same p la n e .
F ig u re  D-4 shows th e  m ethod u sed  to  d e te rm in e  th e  i n t e n s i t y  o f  
th e  l i g h t  im p in g in g  on th e  s ta n d a rd  s u r f a c e .  I f  th e  s u r f a c e  w ere
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p e r f e c t ly  d i f f u s e ,  th e  amount o f  energy  r e f l e c t e d  a t  d i f f e r e n t  sou rce  
an g les  (£ ) would be p ro p o r t io n a l  to  th e  incom ing i n t e n s i t y .  The 
i n t e n s i t y  a t  v a r io u s  a n g le s  was r a t io n e d  to  th e  i n t e n s i t y  im pinging  
on th e  s u r fa c e  a t  £ = 0 d e g re e s . I t  i s  seen  th a t  th e  i n t e n s i t y  o f  
th e  energ y  re c e iv e d  by th e  su r fa c e  i s  p ro p o r t io n a l  to  cos £ i f  th e  
d is ta n c e  betw een  th e  sou rce  and th e  t e s t  a re a  i s  k e p t c o n s ta n t .
F ig u re s  D-5 th ro u g h  D-20 g iv e  th e  r e s u l t s  o f  th e  d a ta  ta k e n  f o r  
th e  s ta n d a rd  s u r fa c e  t e s t s  a t  d i f f e r e n t  w av elen g th s . The i n t e n s i t y  
o f  th e  energy  re c e iv e d  by th e  ra d io m e te r  from th e  s ta n d a rd  s u r fa c e  
was a m p lif ie d  and re c o rd ed  as m i l l i v o l t s  as seen  in  th e  f ig u r e s .  Two 
s e p a ra te  ru n s  were made f o r  each c u rv e . At X = 0 .4 0  m ic ro n s , two 
ty p e s  o f  so u rc e s  were used  so t h a t  two cu rv es  w ere o b ta in e d . These 
r e s u l t s  a re  shown in  F ig u re  D-6. The v iew ing  an g le  (6 ) fo r  a l l  th e  
d a ta  ta k e n  was 15 d e g re e s . A l l  a n g le s  were m easured a c c o rd in g  to  th e  
geom etry  shown in  F ig u re  I I I - 2 .  C o r re c tio n  f a c to r s  fo r  th e  la c k  o f  
d i f f u s e n e s s  o f  th e  s ta n d a rd  s u r fa c e  based  on a  v iew ing  an g le  o f  75° 
and w ith  £ = 0° as a s ta n d a rd  can  be o b ta in e d  by r a t i o i n g  th e  d i f f e r e n c e s  
betw een th e  p re d ic te d  and th e  a c tu a l  cu rv es  to  th e  v a lu e s  o b ta in e d  fo r  
th e  p re d ic te d  c u rv e s .
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S e v e ra l d i f f e r e n t  p ro c e d u re s  w ere u sed  to  o b t a in  r e f l e c t a n c e  
d a t a  and v a r i a t i o n s  in  th e  r e f l e c t a n c e  w ith  so u rc e  a n g le  in  th e  
l a b o r a to r y .  In  t h e  t e s t s  num bered 1 -3 2 , ru n s  w ere  made to  d e te rm in e  
th e  r e f l e c ta n c e  o f  S t .  A u g u stin e  g r a s s .  The p ro c e d u re  u sed  to  o b ta in  
t h e s e  d a ta  was t o  f i r s t  re ad  th e  e n e rg y  b e in g  r e f l e c t e d  from  th e  t e s t  
s u r f a c e  and th e n  t o  re a d  th e  e n e rg y  b e in g  r e f l e c t e d  from  th e  s ta n d a rd  
s u r f a c e  a t  th e  sam e a n g le  u n d e r th e  same l i g h t i n g  c o n d i t io n s .  A l l  
r e a d in g s  were made a t  n ig h t  so  t h a t  th e  o n ly  e n e rg y  incom ing t o  th e  
s u r f a c e  was from  t h e  lamp s o u r c e .  A f te r  m aking t e s t s  on th e  s ta n d a r d  
s u r f a c e  o f 101-A10 w h ite  p a in t  w h ich  showed t h a t  i t  had v a r i a t i o n s  in  
i t s  d i f f u s e n e s s  w i th  so u rce  a n g le ,  a l l  o f t h i s  d a ta  was c o n s id e re d  
i n v a l i d  fo r  d e te r m in in g  v a r i a t i o n s  in  r e f l e c t a n c e  w i th  so u rce  a n g le  
e x c e p t  fo r  t h a t  t a k e n  in  th e  v i s i b l e  r e g io n .  In  th e  v i s i b l e  r e g io n  
th e  d a ta  tak en  show ed t h a t  th e  s ta n d a r d  s u r f a c e  was c lo s e  to  p e r f e c t l y  
d i f f u s e .  T h e r e f o r e ,  t h i s  d a ta  w as r e t a in e d  and i s  p re s e n te d  in  
T a b le  E - l  and F ig u r e s  V I-4 and V I -5 .  I n  o rd e r  t o  o b t a in  th e  v a r i a t i o n s  
i n  th e  r e f l e c t a n c e  w i th  so u rce  a n g le ,  th e  p e rc e n t  d i f f e r e n c e  a t  e a c h  
a n g le  to  th e  a v e r a g e  r e f l e c t a n c e  a s  g iv e n  in  T a b le  E - l  was p l o t t e d .
T he f i n a l  r e s u l t s  a r e  shown in  F ig u r e  V I-7B .
The main e m p h a s is  o f  th e  s tu d y  was n o t o n ly  t o  a c c u r a te ly  
d e te rm in e  th e  r e f l e c t a n c e s  o f  t h e  t e s t  s u r f a c e s  b u t  a l s o  to  f in d  th e  
a n g u la r  dependence o f  th e  r e f l e c t a n c e  on so u rce  a n g le .  S ince  f in d i n g  
th e  a n g u la r  d ep en d en ce  o f  th e  r e f l e c t a n c e  by ta k in g  r e f l e c t a n c e  r e a d in g s  
a t  d i f f e r e n t  s o u rc e  a n g le s  was n o t  p r a c t i c a l  w ith o u t  a  d i f f u s e  s u r f a c e  
i f  th e  f i r s t  p ro c e d u re  was u s e d , a  new p ro c e d u re  was d e v e lo p e d . The 
seco n d  p ro ced u re  w as b a sed  on know ing  th e  r e l a t i o n s h i p  betw een  th e  
i n t e n s i t y  o f th e  in co m in g  e n e rg y  t o  th e  t e s t  s u r f a c e  a t  each  s o u rc e
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a n g le  d u r in g  th e  t e s t s .  For th e s e  t e s t s  t h i s  r e l a t i o n s h i p  was th e  
cos £ as  seen  i n  F ig u re  D - l .  T h is  f a c t o r  was based  on p o s i t i o n in g  
th e  source  a t  th e  e x a c t  d i s t a n c e  from the  t e s t  p l o t  fo r  a l l  th e  so u rce  
a n g le s  a t  which d a t a  was ta k en .  G re a te r  accu racy  was a l s o  o b ta in e d  
by u s in g  a  r e f l e c t o r  to  he lp  c o l l im a te  th e  l i g h t  beam so any 
in a c c u ra c ie s  in  p o s i t i o n in g  th e  so u rce  were m inim ized. P u t t in g  t h i s  
f a c t o r  in to  E q u a t io n  V I-1, th e  b i d i r e c t i o n a l  r e f l e c t a n c e  becomes
I  9 C ¥
p(X , 8 ,  C, * )  -  outV ' ™t ' o u t '  ° u t7  E - l
C0‘  C I l n ( X’ 0 i n ’ Cl n ’ ’’i n )
S ince  th e  same so u rc e  was used f o r  each  t e s t ,  I r normal t o  th ei n
s u r fa c e  i s  a  f u n c t io n  o f w aveleng th  and so u rce  an g le  o n ly .  T h e re fo re ,  
even though I  i s  unknown th e  v a r i a t i o n s  in  th e  r e f l e c t a n c e  w i th  
sou rce  a n g le  (£ )  c an  e a s i l y  be found by u s in g  th e  c o r r e c t i o n  f a c t o r  
cos £ f o r  th e  r e a d in g s  o f  i n t e n s i t y  o b ta in e d  from th e  t e s t  s u r fa c e  
w ith  th e  s p e c t r o r a d io m e te r . The d a t a  o b ta in e d  w ith  t h i s  p ro ced u re  i s  
g iv en  i n  T ab les  E-2 th rough  E-7 . The r e f l e c t a n c e s  o f  th e  t e s t  s u r f a c e s  
a t  £ ■ 0°  was used  as  th e  r e f e r e n c e  i n  o rd e r  t o  o b t a i n  th e  v a r i a n c e s .  
Complete cu rv es  showing th e  r e l a t i v e  b i d i r e c t i o n a l  r e f l e c t a n c e s  v e r s u s  
w aveleng th  o f  each  t e s t  s u r fa c e  were made from X * 0 .3  t o  \  ■ 3 .0  
microns a t  a  so u rc e  an g le  o f  z e ro  d eg re e s  and w ith  a  v iew ing a n g le  o f  
15 d e g re e s .
T ab le s  E-2 th ro u g h  E-5 p r e s e n t  th e  a c t u a l  d a t a  r e a d in g s  ta k en  f o r  
S t .  A ugustine  g r a s s  and M is s i s s ip p i  D e l ta  a l l u v i a l  s o i l .  Two s e t s  o f  
d a t a  were ta k en  f o r  each  o f  th e s e  s u r f a c e s .  The v iew ing  a n g le  was k e p t  
c o n s ta n t  a t  15 d e g re e s  fo r  a l l  t h e  d a t a  ta k e n .  Complete s p e c t r a l  d a t a  
was ta k e n  a t  a  so u rc e  ang le  o f  z e ro  d eg rees  from bo th  th e  s ta n d a rd
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s u r f a c e  and t e s t  s u r f a c e  and th en  r a t i o e d  t o  g ive  th e  r e l a t i v e  
b i d i r e c t i o n a l  r e f l e c t a n c e .  T h is  d a ta  i s  shown p l o t t e d  in  C h ap te r  VI,
The d a ta  g iv en  in  T ab le s  E-2 th rough  E-5 was used t o  f in d  th e  v a r i a ­
t i o n s  i n  th e  r e f l e c t a n c e s  w i th  source  a n g le .  The d a ta  p re s e n te d  in  
th e  t a b l e s  f o r  th e  two ru n s  was f i r s t  averaged  f o r  each  so u rce  a n g le ,  
th e n  based  on the  re a d in g s  ta k e n  a t  £ = 0 ° ,  t h e  expected  re a d in g s  i f  
t h e r e  were no v a r i a t i o n s  i n  th e  r e f l e c t a n c e  w i th  source  a n g le  were 
c a l c u l a t e d  by m u l t ip ly in g  the  v a lu e s  a t  £ = 0° by th e  cos £ . The 
d i f f e r e n c e s  between th e  a c t u a l  and th e  p r e d ic te d  v a lu e s  were th e n  
c a l c u l a t e d  and th e  cu rv es  norm alized  to  g ive  p e rc e n t  o f  v a r i a t i o n  w ith  
so u rce  a n g le .  These d a ta  a r e  shown p l o t t e d  in  C hapter VI.
The same type  of d a t a  was o b ta in e d  f o r  Bermuda g ra s s  in  th e  
la b o r a to r y  ex cep t  th a t  o n ly  one t e s t  ru n  was made. However, th e  d a ta  
ta k e n  to  o b ta in  v a r i a t i o n a l  e f f e c t s  was o b ta in e d  every  7% deg rees  
in s t e a d  o f  ev e ry  15 d eg rees  as done f o r  the  S t .  A ugustine g ra s s  and 
th e  s o i l .  T h is  d a ta  i s  shown in  T ab le s  E-6 and E -7 . The p ro ce d u re  
used t o  no rm a lize  th e  d a ta  was t o  d iv id e  each r e a d in g  by cos £ and 
then  to  averag e  th e  r e s u l t s .  The d e v ia t io n s  and p e rc e n t  v a r i a t i o n  
a t  each  so u rce  ang le  were th e n  c a l c u l a t e d  and a re  shown p l o t t e d  in  
C hap ter  VI. The r e l a t i v e  b i d i r e c t i o n a l  r e f l e c t a n c e  d a ta  a t  £ =* 0° as 
o b ta in e d  fo r  th e  Bermuda g ra s s  by r e a d in g  from bo th  the  t e s t  s u r fa c e  
and th e  s ta n d a rd  s u r f a c e  i s  a l s o  g iv e n  i n  C hap ter  VI.
Between B i d i r e c t i o n a l  R e f le c ta n c e
c >=0.45 \ = 0 . 50 X=0.55 \= 0 .6 0 \ = 0 . 65
60° 0.062 0.079 0.118 0.080 0.103
45° 0 .050 0 .070 0.102 0.070 0.087
30° 0 .070 0 .093 0.128 0 .089 0.109
0° 0.058 0.081 0 .110 0.085 0.105
15° 0.051 0.067 0.106 0.076 0.093
30° 0 .045 0.061 0 .099 0.072 0.081
45° m  m — — — - -
60° 0.053 0.072 0.115 0.072 0.092
Ave. 0.0556 0.0747 0.112 0.078 0.957
TABLE E - l :  Source Z e n ith  Angle I n f lu e n c e  on S a in t  A ugustine  G rass R e f lec ta n ce  in  V is ib le  Region
Runs 2-8  
6 = 15°
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S p e c tro ra d io m e te r  Readings ~  M i l l i v o l t s
c X =o 75
i
>•* ii o .85 X = 1 .00 X = 1.25 X = 1.50
Run 33 Run 34 Run 33 Run 34 Run 33 Run 34 Run 33 Run 34 Run 33
60° 2 .0 1 .95 11.5 11.4 18.6 18.7 6 .9 6 .8 6 .6
45° 2 .8 2 .3 15.2 14.7 24 .9 24.3 9 .7 9 .4 9.2
30° 3.2 3 .1 18.9 18.8 31.2 31.2 13.0 12.8 12.1
0° 3 .7 3 .4 22.9 20.5 37.1 33.8 15.5 13.9 14.9
15° 3 .4 3 .0 19.8 18.6 32.4 30.8 13.1 12.1 12.4
u> o 0 2 .8 2 .9 17.1 16.9 27.9 27.6 10.7 10.4 10.3
45° 2 .4 2 .3 14.2 14.3 23.6 23.4 9 .1 8 .8 8 .8
60° 1.9 1.9 11.3 11.1 18.7 18.6 7 .1 7 .3 7 .0
TABLE E -2 : S p e c tro ra d io m e te r  Readings From S a in t  A ugustine  G rass Taken With Lead S u l f id e  D e tec to r
S p e c tro ra d io m e te r  Readings ■w M i l l i v o l t s
X = 1 .50 X = 1.75 X = 2. 00 X « 2.25 X = 2 .50
c Run 33 Run 34 Run 33 Run 34 Run 33 Run 34 Run 33 Run 34
60° 6 .8 1.4 1.4 1 .0 1.1 1.3 0 .8
45° 9.2 1.8 1 .9 1 .3 1.4 1.7 1 .0
30° 12.3 2 .5 2 .4 2 .2 2 .0 2 .3 1.5
0° 13.5 3.1 2 .8 2 .4 2 .2 2 .7  2 .5 1.5  1.4
15° 11.5 2 .6 2 .3 1 .9 1 .9 2 .2 1.2
oo
10.1 2 .2 1.9 1.7 1.5 1.8 1.1
45° 8 .7 1 .8 1.9 1.4 1 .3 1 .5 1 .0
60° 7.1 1.6 1.4 1 .3 1.1 1 .3 0 .8
TABLE E-2 : ( C o n ' t . )  S pec tro d ad io m ete r  Readings from S a in t  A ugustine  Taken w ith  Lead S u lf id e  D e tec to r
0 = 15°
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S p e c tro ra d io m e te r  Readings ~  M i l l i v o l t s
£
A. =* 0.35 = 0 .40 \  = 0.45 = 0 .50
Run 35 Run 36 Run 35 Run 36 Run 35 Run 36 Run 35 Run 36
60° 3 .4 3 .5 4 .9 4 .95 2 .8 2 .8 6 .2 6 .3
45° 5 .4 5 .3 7 .5 7 .2 3 .5 3 .5 8.65 8 .6
Ld O
0 9 .3 8 .8 12.5 11.9 4 .9 4 .8 13.1 12.9
0° 8 .7 9 .1 11.9 12.7 4 .95 5 .0 13.4 13.7
15° 6 .7 6 .7 9.15 9.1 4 .1 4 .0 10.6 10.45
30° 5 .3 5 .1 7 .1 6 .85 3.65 3.4 9 .1 8 .5
45° 4 .2 4 .2 5 .5 5 .5 3 .1 3 .0 7 .3 7 .1
60° 3.35 3.2 4 .3 4 .1 o•CM 2 .6 5.95 5.65
TABLE E -3 : S p e c tro ra d io m e te r  Readings from S a in t  A ugustine  G rass  Taken w ith  P h o to m u l t ip l ie r  Tube
e <= 15°
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S p e c tro ra d io m e te r  Readings ~  M i l l i v o l t s
c
X = 0.55 X = 0 .60 X = 0.65
Run 35 Run 36 Run 35 Run 36 Run 35 Run 36
60° 15.5 15.8 3 .3 3 .3 1.65 1.65
45° 20.5 20.4 4 .5 4 .5 2 .4 2 .4
30° 27.7 27 .4 6 .6 6 .7 3 .8 3.7
0° 28.8 29.3 7.15 7.2 3 .9 3.9
15° 24.5 24.3 5 .7 5.5 3.1 2 .9
30° 22 .0 21.1 4 .8 4 .5 2 .6 2.3
45° 18.6 18.4 3.9 3 .8 2 .0 1.9
6°° 15.7 14.7 3.2 3 .0 1 .6 1 .4
TABLE E -3 : (C o n 't )  S p e c tro ra d io m e te r  Readings from S a in t  A ugustine  G rass Taken w ith  P h o to m u l t ip l ie r
Tube
6 = 15°
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S p e c tro ra d io m e te r  Reading ~  M i l l i v o l t s
X = 0.65 X = 0 .70 X = 0 .75 X = 0 .85
c
Run 37 Run 38 Run 37 Run 38 Run 37 Run 38 Run 37 Run 38
ooV© 0 .5 0 .6 0 .7 0 .7 0 .8 0 .8 4 .0 3.7
45° 0 .7 0 .7 0 .8 0 .8 0 .9 0 .9 5 .5 5 .2
30° 0 .9 0 .8 0 .8 0 .9 1.1 1 .0 6 .5 6 .3
0° 1 .0 0 .9 1 .1 1.05 1 .5 1 .3 9 .2 7 .9
15° 1 .0 0 .75 1 .1 1 .0 1 .3 1 .3 8 .4 7 .8
30° 0 .9 0 .9 1 .0 1.1 1.2 1 .3 7.9 7 .1
45° 0 .8 0 .8 0 .85 1 .0 1 .1 1.1 6 .5 6 .3
60° 0 .5 0 .7 0 .8 0 .7 1.1 0 .8 5 .2 4 .8
TABLE E -4 : S p e c tro ra d io m e te r  Readings from M is s i s s ip p i  D e lta  A l l u v i a l  S o i l  Taken w ith  Lead S u lf id e
D e tec to r
9 = 15°
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cS p e c tro ra d io m e te r  Readings ~  M i l l i v o l t s
X = 1.00 X = 1.25 X = 1 .50 X = 1.75
Run 37 Run 38 Run 37 Run 38 Run 37 Run 38 Run 37 Run 38
60° 9 .1 8 .4 7 .4 7 .0 6 .1 5.7 2 .0 1.8
45° 12.2 11.6 10.1 9 .5 8 .4 7 .9 2 .5 2 .5
30° 14.7 14.4 12.3 12.0 10.2 9 .9 3 .0 2 .9
0° 20 .9 17.9 17.1 15.0 14.3 12.5 4 .2 3 .8
15° 19.1 17.1 15.9 14.8 13.1 14.0 4 .2 3 .8
30° 17.7 16,4 14.8 13.9 12.2 11.6 3.7 3.6
45° 15.0 14.3 12.7 12.1 10,5 10.0 3 .3 3.2
60° 11.6 10.7 9 .9 9 .3 8 .2 7 .5 2 .6 2 .4
TABLE E -4 :(C o n 1t )  S p e c tro ra d io m e te r  Readings from M is s i s s ip p i  D e l ta  A l lu v i a l  S o i l  Taken With Lead S u lf id e
D e tec to r
9 = 15°
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S p e c tro ra d io m e te r  Readings ~  M i l l i v o l t s
X = 2 .00 X = 2 .25 X = 2 .50
c
Run 37 Run 38 Run 37 Run 38 Run 37
"
Run 38
60° 1.8 1 .8 1.8 1.9 1.0 1.0
45° 2 .3 2 .4 2 .6 2 .45 1.3 1.25
30° 2 .9 2 .95 3 .0 3 .1 1.5 1.45
0° 4 .2 3 .8 4 .4 3 .8 2 .2 2 .0
15° 4 .1 3.85 4 .0 3 .8 1 .8 1.8
30° 3 .8 3.65 3 .8 3.65 1.8 1.7
45° 3.2 3.2 3.2 3.2 1.5 1.6
oo
2 .5 2 .5 2 .6 2 .5 1 .3 1.2
TABLE E-4 (Con’ t ) :  S p e c tro ra d io m e te r  Readings from M i s s i s s ip p i  D e lta  A l lu v ia l  S o i l  Taken w ith  Lead
S u lf id e  D e te c to r
0 = 15°
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S p e c tro ra d io m e te r  Readings ~  M i l l i v o l t s
X = 0.35 X = 0 .4 0 X = 0 .45 X = 0 .50
c
Run 39 Run 40 Run 39 Run 40 Run 39 Run 40 Run 39 Run 40
60° 9 .4 9 .0 12.2 11.6 4 .7 5 4 .7 10.65 10.4
45° 13.4 13.9 17.1 17.6 6 .2 6 .3 14.6 14.9
30° 18.4 17.8 22,2 21 .4 7 .6  . — 18.4 —
0° 25 .8 23.8 29.5 2 7 .5 9.65 9 .0 22.8 21.5
15° 25 .3 23 .8 27.5 26.1 8 .5 ' 8 .6 20.5 20.85
30° 24.6 23.0 27 .0 25 .4 8 .6 8 .3 20.5 19.9
45° 21.7 19.9 24.2 22.7 7.9 7.3 18.9 17.6
60° 17.0 16.5 19.6 19.2 6 .3 6 .3 14.8 14.9
TABLE E -5 : S p e c tro ra d io m e te r  Readings from M is s i s s ip p i  D e lta  A l lu v ia l  S o i l  Taken w ith  P h o to m u l t ip l ie r
Tube
328
S p e c tro ra d io m e te r  Readings ~  M i l l i v o l t s
X = 0 .55 X = 0 .60 X = 0 .65
#•
Run 39 Run 40 Run 39 Run 40 Run 39 Run 40
oo
15.7 15.4 5 .0 4 .7 3.2 3 .1
45° 20.8 21 .0 6 .85 6 .9 4 .4 4 .4
GJ O O 25 .0 — 8.6 - - 5 .7 5 .2
0° 30.7 28.9 11 .0 10.1 7 .3 6 .5
15° 27.5 27 .5 9 .7 9 .4 6 .8 6 .2
oom
27.5 26.5 9 .85 9 .0 6 .4 5 .9
45° 25,2 23 .4 8 .75 7 .7 5 .7 5 .2
60° 20.6 20.45 6 .65 6 .6 4 .4 4 .2
TABLE E-5 ( C o n ' t ) :  S p e c tro ra d io m e te r  Readings from M is s i s s ip p i  D e lta  A l lu v ia l  S o i l  Taken w ith
P h o to m u l t ip l ie r  Tube
9 = 15°
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S p e c tro ra d io m e te r  Readings ^  M i l l i v o l t s
c X = 0 .40 X = 0 .45 X = 0 .50 X = 0 .55 X = 0 .60 X = 0 .65
6 0 .0 ° 1.55 2 .6 7 .5 7 .6 0 .8 0 .6
5 2 .5 ° 2 .0 3 .3 9 .6 9 .5 1.05 0 .7
4 5 .0 ° 2 .2 4 .0 11.5 11.3 1.2 0 .7
37 .5° 2 .6 4 .7 13.4 13,2 1.5 0 .9
3 0 .0 ° 2 .9 5 .9 19.2 19.5 2 .2 0 .8
0 0 .0 ° 2 .8 5 .1 14.7 14.7 1 .5 0.95
7 .5 ° 2 .5 4 .8 14.1 14.0 1.5 0 .9
15 .0 ° 2 .5 4 .7 13.5 13.4 1 .4 0 .9
2 2 .5 ° 2 .2 4 .1 12.3 12.4 1 .4 0 .8
30 .0° 2 .2 3 .9 11.5 11.4 1.2 0 .7
3 7 .5 ° 1 .9 3 .6 10,8 10.8 1 .2 0 .7
4 5 .0 ° 1 .9 3 .3 9 .7 9 .7 1 .0 0 .6
5 2 .5 ° 1.8 3 .0 8 .7 8 .9 0 .9 0 .6
6 0 ,0 ° 1.7 2 .8 8 .0 9 .6 0 .9 0 .7
TABLE E -6 :  S p e c t r o r a d io m e te r  R ead ings  from  Bermuda G rass  Taken w i th  P h o t o m u l t i p l i e r  Tube
9 = 15°
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cS p e c tro ra d io m e te r  Readings ~  M i l l i v o l t s
X = 0 .70 X = 0 .75 X = 0.85 X = i . o o X = 1.25
6 0 .0 ° 2 .2 4 .2 22 .0 27 .4 21.8
52 .5° 2 .4 5 .4 31.4 37.5 33.3
4 5 .0 ° 3 .8 7 .8 4 0 .4 47 .1 4 3 .6
37 .5° 4 .0 8 .6 4 4 .8 52,8 50.1
30 .0° 3 .7 8 .0 4 0 .0 48 .1 47.1
0 0 .0 ° 4 .5 9 .5 46 .7 55.0 52.2
7 .5 ° 4 .3 9 .1 4 5 .4 53.3 49.7
15 .0° 3 .6 8 .0 4 2 .9 51.1 47.5
22 .5 ° 3 .9 8 .3 4 3 .3 51.0 46 .6
3 0 .0 ° 3 .5 7 .4 4 0 .4 47 .9 4 4 .3
37.5° 3 .4 7 .5 4 0 .3 46 .7 4 2 .5
4 5 .0 ° 3 .0 6 .3 36 .4 43 .8 39.2
5 2 .5 ° 3 .1 6 .1 34.2 40 .2 35.5
6 0 .0 ° 2 .5 4 .9 28.9 35.7 30.7
TABLE E -7: Spectroradiom eter Readings From Bermuda Grass Taken w ith  Lead S u lfid e  D etector
0 « 15°
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rS p e c tro ra d io m e te r  Readings ^  M i l l i v o l t s
X = 1.50 X = 1.75 X = 2 .00 X = 2 .25 X = 2 .50
6 0 .0 ° 14.1 4 .4 4 .3 3 .6 0 .9
5 2 .5 ° 21 .0 7 .4 7 .6 5 .3 1.2
4 5 .0 ° 27 .4 10.5 10.8 7 .5 1.9
37 .5° 33.9 13.9 14.1 8 .9 2 .1
3 0 .0 ° 28 .4 12.6 12.5 7 .6 1.9
0 0 .0 ° 36.6 14.4 14.7 9 .6 2 .0
7 .5 ° 33.2 12.4 12.2 8 .3 1.9
15 .0 ° 32 .2 12.2 12.0 7 .7 1 .8
2 2 .5 ° 31.0 11.3 11.3 7 .3 1.7
3 0 .0 ° 29 .4 10.7 10.8 7 .2 1 .9
37 .5 ° 27.2 9 .9 10.1 6 .6 1 .3
4 5 .0 ° 24 .7 8 .5 9 .0 5 .9 1.2
5 2 .5 ° 22 .5 7 .5 7 .5 4 .9 1 .3
6 0 .0 ° 18.4 6 .2 6 .5 4 .5 1 .1
TABLE E-7 (C on 't): Spectroradiom eter Readings From Bermuda Grass Taken w ith Lead S u lfid e  D etector
0 = 15°
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APPENDIX F
CALCULATION OF SOLAR ELEVATIONS AND AZIMUTH
$
333
334
One o f  t h e  aims o f  t h i s  i n v e s t i g a t i o n  was th e  d e t e r m in a t io n  o f  
th e  e f f e c t  o f  th e  r e l a t i v e  az im u th  and z e n i t h  a n g le s  on th e  r e f l . e c t a n c e  
m easu rem en ts .  I n  o r d e r  t o  know w hat t h e s e  a n g le s  w ere  when r e f l e c t a n c e  
r e a d in g s  were made in  th e  f i e l d  t h e  az im u th  and e l e v a t i o n  o f  t h e  sun  
a t  th e  tim e  o f  o b s e r v a t i o n  had t o  be  known. A l th o u g h  t h e s e  a n g le s  
co u ld  have b een  m easured w i th  a  s e x t a n t  a t  th e  t im e  o f  o b s e r v a t i o n ,  i t  
would have b een  d i f f i c u l t .  A lso  i t  was n e c e s s a r y  t o  know t h e  a n g le s  
b e fo re h an d  i n  o r d e r  t o  f a c i l i t a t e  s e t - u p  o f  t h e  e x p e r im e n t .
A lg o r i th m
The c o o r d i n a t e  sy s tem  t r a n s f o r m a t i o n  a l g o r i t h m  as  w e l l  as  fo rm a l  
d e f i n i t i o n s  o f  th e  c o o r d i n a t e  system s in v o lv e d  a r e  g iv e n  in  E sc o b e l  
[ 6 2 ] .  The a l g o r i t h m  d ev e lo p e d  r e q u i r e s  as i n p u t  t h e  l a t i t u d e ,  
l o n g i t u d e ,  and e l e v a t i o n  o f  th e  p la c e  o f  o b s e r v a t i o n  a s  w e l l  a s  th e  
r i g h t  a s c e n s io n  and d e c l i n a t i o n  o f  t h e  sun f o r  a  p a r t i c u l a r  t im e .
The o u tp u t  i s  th e  az im u th  and th e  e l e v a t i o n  o f  th e  sun  f o r  t h a t  t im e .
The a l g o r i t h m  was a d a p te d  and e x p re s s e d  i n  FORTRAN f o r  u se  on th e  
co m p u te r .  The o p e r a t i o n  o f  th e  a l g o r i t h m  f o r  a s i n g l e  t im e  v a lu e  i s  
i l l u s t r a t e d  b e lo w . D e f i n i t i o n s  o f  t h e  symbols a r e  g iv e n  i n  th e  
n o m e n c la tu re  a t  th e  end o f  t h i s  A ppendix .
Example - 1 :00  pm CDT Septem ber 1, 1974
A. P r e l i m in a r y  C a l c u l a t i o n s  and O p e ra t io n s
1. cp = 3 0 .4 1 0 °
X = 268 .8 1 0 °
H = 0 .0 0 4 7  m i le s
2. I n t e r p o l a t e  or, 6 ,  R from  Ephem eris  [6 3 ]
C ubic  i n t e r p o l a t i o n  u s in g  fo rw ard  d iv id e d  d i f f e r e n c e s
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D ate
8 /3 1
9 /1
9 /2
9 /3
8 /3 1
9 /1
9/2
9 /3
8 /3 1
9 /1
9/2
9 /3
a = 
c
a  =  
c
6 = c
b = c
R =
c
R =
a
158.9289
159.8368
160.7433
161.6486
0 .9 0 7 9
0 .9065
0 .9053
-0 .7 x 1 0
-0 .6 x 1 0 - 4
3 .333x10 - 6
8 .860972  
8 .500970  
8 .138693  
7 .774193
-0 .3 6 0 0 0 2
-0 .3 6 2 2 7 7
- 0 .3 6 4 5
-1 .1 3 7 5 x 1 0 - 3
1.1115x10 -3
8 .6 6 6 7 x 10- 6
9 3 ,8 3 6 ,0 1 6
9 3 ,8 1 4 ,0 3 2
9 3 ,7 9 1 ,7 7 6
9 3 ,7 6 9 ,5 2 0
-21984
-22256
-22256
-136
0
4 5 .3 3 3
1 :00  pm CDT = 13 :00  CUT = 18 :00  U.T.
9 / 1 ,  18 :00  U.T. = 9 /1 .7 5  
158.9289 + 1 .7 5 (0 .9 0 7 9  + 0 . 7 5 ( - 0 .7 x l0 * 4 - 0 .2 5 ( 3 .3 3 3 x l0 - 6 ) ) )  
160.5176
8 .860972  + 1 .7 5 ( -0 .3 6 0 0 0 2  +  0 .7 5 ( - 1 .1 3 7 5 x 1 0 " 3 -  0 .2 5 ( 8 .6 6 6 7 x l0 " 6) ) )  
8 .229473
9 3 ,8 3 6 ,0 1 6  + 1 .7 5 ( - 2 1 ,9 8 4  + 0 .7 5 ( - 1 3 6  -  0 .2 5 ( 4 5 .3 3 3 ) ) )  
9 3 ,7 9 7 ,3 5 1
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B. D e te r m in a t io n  o f  S i d e r e a l  Time
1. D e term ine  JD
JD o f  J a n  0 ,  1974 -  2 ,4 4 2 ,0 4 8
Day o f  y e a r ,  S e p t .  1 ** ______ 244
JD Septem ber 1 , 1974 2 ,4 4 2 ,2 9 2
JD -  2 .4 1 5 .0 2 0  _ 2 ,4 4 2 .2 9 2  -  2 .4 1 5 .0 2 0  
u ~ 36325 "  36525
T = 0 .74 6 6 6 7  u
2 . D e term ine  9 from T
So
9 = 99 .6909833°  + 36000 .7689°  T + 0 .00038708° T 2g Q u u
9 = 2698 0 .2 6 5 3 °  = 340 .2 6 5 3 °
So
0 o = 9 g + \  = 3 4 0 .2 6 5 3 °  + 2 6 8 .8 1 0 °  = 6 0 9 .0753°
0 = 2 4 9 .0 7 5 3 °o
0 = 0 Q + 0 .2 5 0 6 8 4 4 7 ( t )  
t  = 18h r UT = 1080 min
6 = 2 4 9 .0 7 5 3 °  + 0 .25068447  (1080) = 5 1 9 .8 1 4 5 °
0 = 159 .8145°
C. F l a t t e n i n g ,  g e o d e t i c  l a t i t u d e  and a l t i t u d e  f a c t o r s
f  = 0 .0033529  e  = ( 2 f - f 2) = 0 .0066946
a = 3963.205 m ile s  e
3966.613 m iles
a (1 -  f ) 2 
 -g —  + h
V (1 - e • s i n 2cp)
3940.058 m ile s
D. C o o rd in a te  T ran s fo rm a tio n
-G^ cos cp cos  0 = 3210.797
■G^  cos cp s i n  0 = -1180.421
■G2 s in  cp * -1994.395
cos 6 cos  or = -0 .9330363c c
cos 6 s i n  Of = 0.3300830c c
s in  6 -  0.1431381c
r  U + x = -87513120.0c x
r  U + y = 30959730.0
c y
r  U + z = 13423980.0c z
P 2 + P 2 +  P 2 -  93,793,680x y z
p /p. = -0 .9330386  x n
p /p. = 0.3300833 y h
p /p. = 0.1431224 z h
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S
x
S
y
s z
Ex
E
y
E
z
X
z
y
zz
L
s in
cos 
h -
s in
cos 
A =
s in  cp cos 0 = -0 .4750946 
s i n  cp s i n  8 = 0.1746643
- c o s  cp = -0 .8624253
- s i n  6 = -0 .3450607  
cos 0 = -0 .9385804  
0 . 0  =  0 . 0
cos 0 cos  cp = -0 .8094555 
s i n  0 cos cp = 0.2975891
s in  cp = 0.5061843
S S S Lx y z x
E E E Lx y z y
Z Z Z Lx y z z
0.3775030
0.01214524
0.9259787
h = L h « 0.9259287
h = J l  -  s i n 2h = 0.3776983
s i n " 1( s i n  h) « 67 .809°
L h
A = y . = 0.03215593 cos  h
-L h
A = — = -  0.9994829 cos h
180° -  s i n " L( s i n  A) <= 178.157°
Program A d a p ta t io n
I t  was d e s i r e d  to  c a l c u l a t e  the  s o l a r  an g les  fo r  s e v e r a l  consecu­
t i v e  t im es o f  day over s e v e r a l  d ay s .  T h e re fo re  th e  program was 
w r i t t e n  to  acc e p t  as  tim e in fo rm a t io n  an i n i t i a l  and f i n a l  d a t e ,  an 
i n i t i a l  and f i n a l  tim e o f  day , and a time inc rem en t in  m inutes between 
s u c c e s s iv e  d e te r m in a t io n s .
The o u tp u t  i s  p re s e n te d  i n  th e  form o f  a s e p a r a te  t a b l e  f o r  each  
day from th e  i n i t i a l  to  th e  f i n a l  day , l i s t i n g  th e  s o l a r  a n g le s  a t  
each  inc rem en t from th e  i n i t i a l  t o  th e  f i n a l  tim e o f  day. Each of 
th e s e  l i s t i n g s  i s  i n  the  form o f  l o c a l  t im e , az im uth , and e l e v a t i o n .
The d a ta  in  th e  Ephemeris [63 ]  i s  p re s e n te d  as r i g h t  a s c e n s io n  in  
h o u r s ,  m in u tes ,  and seconds , and r  ( d i s t a n c e  from e a r t h  to  c e l e s t i a l  
body) in  a s t ro n o m ic a l  u n i t s .  The a n g le s  were to  be c o n v er ted  to  
r a d i a n s  and r  to  m i le s .  S ince  th e  Ephemeris d a t a  i s  r e a d  in  each  tim e 
the  program i s  r u n ,  i t  would have been  n e ce s sa ry  to  c o n v e r t  th e  d a ta  
every  tim e i t  was u sed . I n s t e a d ,  an a u x i l l i a r y  program was w r i t t e n  to  
c o n v e r t  th e  d a ta  and punch a new deck to  be read  in  each tim e the  main 
program was ex ec u te d .  T hus, a  deck was m anually  p rep a red  by punching 
th e  in fo rm a t io n  as i t  ap p ea rs  i n  th e  Ephem eris . T h is  a llow ed  fo r  e a se  
o f  p r e p a r a t i o n  o f  t h e  d a ta  f o r  in p u t .  In  o rd e r  to  p re s e rv e  a cc u ra cy ,  
th e  o u tp u t  deck i s  w r i t t e n  in  hexadecim al fo rm at and, o f  c o u r s e ,  i s  
re a d  in  by the  main program in  hexadecim al fo rm a t.  In  t h i s  manner 
th e  b i t  p a t t e r n s  o f  th e  i n t e r n a l  f l o a t i n g - p o i n t  r e p r e s e n ta t i o n s  o f  th e  
d a ta  v a lu e s  a re  t r a n s m i t te d  to  th e  main program. There they  a re  
e x a c t l y  r e c o n s t r u c te d  i n  th e  new memory domain. T h is  makes th e  o u tp u t  
deck  somewhat u n i n t e i l i g i a b l e  bu t s i m p l i f i e s  in p u t  o f  the  Ephemeris 
d a ta  to  the  main program.
L i s t i n g s  o f  b o th  th e  a u x i l i a r y  program and th e  main program used 
to  c a l c u l a t e  th e  s o l a r  z e n i th  and azim uth  an g les  a r e  g iven  on th e  
fo l lo w in g  p ag es .
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IV til RELEASE 2 . 0  MAIN DATE > 7*211 1 5 / 0 3 / 4 7
C IMIS PROGRAM READS THE EPHFMERI S DATA (ALPHA .OELTA • R) FROM CAROS
C THE OAT A IS CONVERTED AS TULLOWS...
C MIGHT ASCtNSION ( ALPHA I FROM HOU»S. MINUTES. AND SECONDS TO RADIANS 
C DECLINATION (DELTA) FROM DcGTEES. MINUTES. ANO SECONDS TO RADIANS 
C R FHIJM AS TTON IMCAL UNITS TO MILES
C THE CONVERTED OATA IS PUNCHE3 JN CAROS IN HEXADECIMAL
c
INTCGLR* DATE!20)
COMMON RAhMSIIOOI.RAMInI 1001.RASEC( ( 0 0 ) .DECDE( | 0 0 >.OECMI( l O O ) » 
DECSEI 100 ).R( 1O0I
DIMENSION ACCESS! 1 0 0 . 7 1 .RARAO! IOO> .DERAD 11 00)
EQUIVALENCE I ACCESS!1 . I I.WARA01 I ) . RAHRS1I IJ . (O E R A O I t ) .OECDE!1)>
C
C HEAD THE STARTING DATE. THEN THE EPHEMERIS DATA 
C
READ!S.4 ) DATE 
J-Q 
1 J = J+ l
HEAD!5 . S. END=2)(ACCESS!J.K),K>I . 7 )
GO TO 1 
Z  N=J-I
C
C THIS LOOP TAKES CARE OF THE CONVERSIONS 
C
DO 3 1=1. N
PAR AD! I ) = I 5 . 0 * I(RASEC!1>/60.0* RAM IN(I) ) /60.0+RAHRS!I» > / 5 7 . 20578 
OERAD! I ) = ( (OECSE! I ) /6Q.O+DECMI 11.) ) /60.O+OECDEII> ) / S T . 29378 
R( I ) = H( I ) * 0 2 9 5 7 1 3 0 . A 
3 CONTINUE
C
C PUNCH the  CONVERTED OATA 
C
WRITE!7 . 6 )OAT£,((ACCESS(J.K>.K*I. 7 . 3 ) . J = i . N )
STOP
* FORMAT!20A4)
5 FORMAT!TI, J ( F 6 . 0 > . T 3 0 . 3 ! F 6 . 0 ) . T 6 0 . F l 0 . 0 )
6 FORM A T!2 0A */ !T | .Z8 .T30 .2 8 .T60 .28*4 
END
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V 01 BtLEASF 2 .0  MAIN flATE = 7 * ? l *  1 3 / I 4 / 3 S
OF AL •_ AMIOA . INVA3(3)  • 1 NOUT ( 7. . 1 4 6 )  ,LX . lV i l .7  tLXM.LVH,L?M 
nnuriLP p o r e  I Si on Tti. imp* , phoy.RHrv . p h o h ,  t h f t o o ,  Tmft ao • o t h f t a  
iNTFflfq YO c 1 P  1 , GFrl.GCL T. I3 A T F (3 ) ,F n A T F f3 1 . rO A T F (3 1 . IN |X (3 > ,r.p t na* ( ? ) .  ( nc<( 2 1 . r iri'H""1;, t i  , t= . r ( ng . Tu.naf;* ( 3 . 1 aa i . no a t f r -1 j 
rn-(Yni a l p h a  t i pn 1 . o f l t a c  i o n ) , f l M O ? ) .  a l p h a c  .DELTAC.PC 
DI'TNSION ACCFSSt 1 nr) .3) , 3 0 ( 3 .  3 , ? |
prill I VALENCE ! ACCF SSC 1.11 .ALPHA! 1 11 . (1  NV A9 ( I > , ALPHACV, C POATFf TT»
C I OATF C J ) 1
DATA YD/O, 31 . S 9 . 9 0 . 1 2 0 .1 5 1  .181 .212 . 24 3 . 273 . 30 A . 31* /  , GCLT/• • • • / •
' & F / 0 . 0 0 3 3 5 2 9 / . F / 0 . 0 0 6 6 9 A < S / , A E / 3 9 A 3 . 2 0 5 /      _  _
9F! AO( S, 1 0 1 OO1PH1 .GPn .LAMBOA ,H.  lDATE,FDAT"E."lRTxTr"lNAX,TNC*i"i.Er>At^""M|| = 0 
10 MU = Mi)«-l
OFAOl 6 .10101  .J'HOal 61 AL PHA 1 MU> . DELTA ( HU 1 .RfMUJ 
CD TO 10 
13 FPMNO r, :« | J -  I
T I 50 0 * IN[X11)* INIX (2)
TF=O0*F|NAXf1 1 *FtNAX(2)
T |NC=60* INCHM I * INCX(?)
TF.3 A C = F L 0 6  T t I N  IX t  31 ) / I S O .  0  
I F (  T 1 N C . L T .  1 0 1 T I N C = 1  0 
J O t - T P l l O H T F l i n  * C O A T F t  2 l + 2  4 4 ? 0 4 H _
JI)F = YDC FDA TF ( 1 11 *FDATF f ?>>2 442C4U
JOF1=Y01COAT*!11)+rOATE121 +2442 04B
JOFF = JOE 1♦FPHUBS-1
1F( JO I .C.F. JDFI 1GQ TO 20
JO I = JOE I
WOIIft A, I 1 000)
20 I F ( JOF.LC.JDEF1G0 TO 2*
JOF=JOFF
W3 ITF ( A, 1 1 00 I >"
2  A P H l ^ P H l / 5 7 . 2 9 5 7 B
i f i  r.ro.NF , gcl t )c.n to 30
PM | = A TA'I? t SIN!PH I 1 .COB! PHI 1*( 1 . D-F1*«? )
10 G I = 4 F / SQR T{ 1 . 0 —F * S IN (P H II*42)
02 = 01 *( 1 , 0-F)**2*H 
G1= Gt *H
on iono j o =j o i . j o f
POATM 2 ) = JO- 2 A A2 04 fj 
*0 IF (P D A TF(2 ) .L F .r onO A TF( 1 ) + l ))GO TO A3
I DA TE( 1 l s IO ATF(1 )♦!
m  TO 46 __ ______ _____
AS POATF[ 2 ) =PbATF(?)-yOClOATFl1>)
WNIT^I A, 110021POATFi L = j n - j o e t
1F( IL .EQ.O11L = 1
IF< IL .GT ,EPHM-?5—3)1 L=FPMMp S—"3
on lo o i  1= 1 . 1
ODf 1 .  1 ,  I ) = A C C F 5 S (  I L *  1 .  1 ) - A C C E S S !  I L . 1  ) 
n o !  I , 1 . 2  ) = A C C F S S (  I L * ? . r  ) - A C C E S S !  t L  + 1 , I » 
n o l  I ,  .3,  ? ) = A C f . F 5 S I  I L * J . I  ) - A C C E S S I  I L + 2  .  I )
DOC 1 ,2 .1  ) = C on f I . 1 , 2 1 - 0 0 (  I . I . 1) 1/ 2 . 0 
0 O ( t , 2 . ?1=COO(1 , 3 , 2 1 - 0 0 ( I , 1 , 2 1 1 / 2 . 0
noc i , 3, i ) = (no< 1, 2,.2)-ot>{ I . i i,)./3..o_
10(11 CONTINUE
Ti;=(DFLOAT(J[) >-2413 02 0.  0 1 / 3 6 5 2 5 .  OOP
THFTG0 = 9 9 . 6909fl33D0*TU*(3 6 0 0 0 . 7609DO*TU*O.00 03870900)
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R e s u l t s
During th e  tim e t h a t  d a ta  was o b ta in e d ,  th e  e l e v a t i o n  o f  the  sun  
was never g r e a t e r  than  about 76° (£q = 1 4 ° ) .  The azim uth was due 
South s h o r t l y  a f t e r  13:00 CDT which was th e  time when th e  s o l a r  
e l e v a t i o n  was a t  i t s  maximum.
Data was ta k en  in  two ways. One s e t  o f  d a ta  was ta k e n  w ith  th e  
v iew ing  p lane  i n  th e  same p lan e  as th e  s o l a r  p la n e ,  t h a t  i s  ¥ = 0° 
o r  ¥ = 180°, Another s e t  o f  d a ta  was tak en  w ith  th e  v iew in g  azim uth  
k e p t  c o n s ta n t  (cp = 270°) w h ile  the  s o l a r  p la n e  tp  ^ v a r i e d  as c a l c u l a t e d  
by the  program.
In  o rd e r  to  i n t e r p o l a t e  th e  s o l a r  a n g le s  fo r  tim es not l i s t e d  
by th e  program, graphs o f  azim uth and e l e v a t i o n  a g a in s t  time o f day 
were p re p a red .  Samples o f  th e s e  a re  shown in  F ig u re s  F - l  and F -2 .
Angles were measured in  the  f i e l d  w i th  a m agnetic  compass. A 
c o r r e c t i o n  o f  6 .5  deg rees  had to  be made to  th e  compass re a d in g s  to  
c o r r e c t  fo r  the  d i f f e r e n c e  between t r u e  n o r th  and m agnetic  n o r th  [ 6 4 ] ,
SO
LA
R 
EL
EV
AT
IO
N,
 
90
°-
 
0(
DE
GR
EE
S)
90
80
7 0
60
50
40
30
20
8=00 9 0 0 1000 11=00 12=00 1300 14=00 15=00 16=00 17=00 18=00 19=00
TIME OF DAY (CENTRAL DALIGHT TIME)
FIGURE F-l. SOLAR ELEVATION VERSUS TIME OF DAY FOR AUGUST 6 , 1974
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NOMENCLATURE
R igh t a s c e n s io n  
D e c l in a t io n
D is tan c e  from e a r t h  t o  c e l e s t i a l  body
G oedetic  l a t i t u d e  o f  o b s e r v a t io n  s t a t i o n
Longitude  o f  s t a t i o n
A l t i t u d e  o f  s t a t i o n
Time, m inutes
Azimuth
E le v a t io n
S la n t  r a n g e ,  th e  d i s t a n c e  from e a r t h  to  c e l e s t i a l  body 
S id e r e a l  tim e
E q u a to r i a l  r a d iu s  o f  e a r t h
F l a t t e n i n g  f a c t o r  
2
2 £ - f  , t h e  e c c e n t r i c i t y  o f  e a r th  
F a c to rs  to  accoun t f o r  e a r t h ' s  e c c e n t r i c i t y  
U n iv e r s i a l  t im e ,  same as Greenwich mean tim e 
J u l i a n  d a te
In te rm e d ia te  v a r i a b l e  in  c a l c u l a t i o n  o f s i d e r e a l  time
Divided d i f f e r e n c e
S u b s c r ip t  f o r  i n t e r p o l a t e d  v a lu es
S u b s c r ip t  f o r  Greenwich m erid ian
S u b s c r ip t  f o r  0 hour u n iv e r s a l  time
APPENDIX G 
REFLECTANCE DATA FROM FIELD TESTS
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FIGURE G-l. RELATIVE BIDIRECTIONAL REFLECTANCE OF BERMUDA GRASS
AT X=.35 MICRONS TAKEN IN FIELD WITH PLATFORM MOUNTED MIRROR
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FIGURE G-2. RELATIVE BIDIRECTIONAL REFLECTANCE OF BERMUDA GRASS
AT X-  .40 MICRONS TAKEN IN FIELD WITH PLATFORM MOUNTED MIRROR
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FIGURE G-3. RELATIVE BIDIRECTIONAL REFLECTANCE OF BERMUDA GRASS
AT Xs .45 MICRONS TAKEN IN FIELD WITH PLATFORM MOUNTED MIRROR
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FIGURE G-4. RELATIVE BIDIRECTIONAL REFLECTANCE OF BERMUDA GRASS
AT A *.50 MICRONS TAKEN IN FIELD WITH PLATFORM MOUNTED MIRROR
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FIGURE G-5. RELATIVE BIDIRECTIONAL REFLECTANCE OF BERMUDA GRASS
AT X=.55 MICRONS TAKEN IN FIELD WITH PLATFORM MOUNTED MIRROR
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FIGURE G-6. RELATIVE BIDIRECTIONAL REFLECTANCE OF BERMUDA GRASS
AT A = .60 MICRONS TAKEN IN FIELD WfTH PLATFORM MOUNTED MIRROR
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FIGURE G-7. RELATIVE BIDIRECTIONAL REFLECTANCE OF BERMUDA GRASS
AT X = .65 MICRONS TAKEN IN FIELD WITH PLATFORM MOUNTED MIRROR
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FIGURE G-8. RELATIVE BIDIRECTIONAL REFLECTANCE
OF BERMUDA GRASS PLOT AT A -0.70 MICRONS
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FIGURE G-9. RELATIVE BIDIRECTIONAL REFLECTANCE OF BERMUDA GRASS PLOT
AT A* 0.75 MICRONS TAKEN IN FIELD
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G-IO. RELATIVE BIDIRECTIONAL REFLECTANCE OF BERMUDA GRASS PLOT
AT X*0.85 MICRONS TAKEN IN FIELD
359
360
.4  r
U i
o
I ' - 2
u i
_i
li-
u j
(X
_i
<
zo
1.0
P 0 . 9
O
UI
I 0 -8
CD
0 ° ^  rp —180° 180° ~  iff * 3 6 0 *
/ *
/
\
A o  RUN 105 
□ RUN 106 
A RUN I i2
1 O
a
Average (105 8  106)-----i ---------Q ---------
4 0  30  20  10 0  10 2 0
SOLAR ZENITH ANGLE, £0 (DEGREES)
FIGURE G-l I. RELATIVE BIDIRECTIONAL REFLECTANCE
OF BERMUDA GRASS PLOT AT A* 1.00 MICRONS
TAKEN IN FIELD
RE
LA
TI
VE
 
BI
DI
RE
CT
IO
NA
L 
RE
FL
EC
TA
NC
E
361
180°^ ip *360°
O RUN 105 
□ RUN 106
0.9
0.8
0 .7
0.6
Average (105 A 106) o
0 .5
0 .4
0 .3 -
0.2
60 50  4 0 30  20 0 10 3010 20
SOLAR ZENITH ANGLE, DEGREES)
FIGURE G-12. RELATIVE BIDIRECTIONAL REFLECTANCE
OF BERMUDA GRASS PLOT AT X=l.25 MICRONS
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FIGURE G-13. RELATIVE BIDIRECTIONAL REFLECTANCE OF BERMUDA GRASS PLOT
AT k= 1.50 MICRONS TAKEN IN FIELD
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FIGURE G-14. RELATIVE BIDIRECTIONAL REFLECTANCE OF BERMUDA GRASS PLOT
AT k * 1.75 MICRONS TAKEN IN HELD
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FIGURE G-15. RELATIVE BIDIRECTIONAL REFLECTANCE OF BERMUDA GRASS PLOT
AT A»2.00 MICRONS TAKEN IN FIELD
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FIGURE G-16. RELATIVE BIDIRECTIONAL REFLECTANCE OF BERMUDA GRASS PLOT
AT A = 2.25 MICRONS TAKEN IN FIELD
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